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SYNOPSIS 


In the present work the crystal structure and 
elastic properties of single crystals of Arwnonium Fluoberyl- 
late/ (NH^) 2 BeF^, have been investigated at room temperature 
using X-ray diffraction techniques. The work is presented 
in four chapters and two appendices - 

Chapter I gives the general introdijc tion and theore- 
tical background of the work done. Section a of this chapter 
gives a brief survey of different methods of crystal structure 
determination and refinement. It also describes the analysis 
of anisotropic temperature factors in terms of rigid body 
motion of molecules in crystals- Section B gives a brief 
account of the theory of thermal diffuse scattering (TDS) 
of x-rays as applied to the determination of elastic cons- 
tants. The relations betv/een the intensity of diffuse 
reflections and elastic constants based on Voigt's theory 
as well as Baval's theory of elasticity have been described 
in this section. 

The experimental procedure for measuring intensities 
and corrections etc. has been described in Chapter II. 

Section a gives the measurement of 3-dimensional intensity 
data for crystal structure determination and section B 
describes the determination of the intensity of diffuse 



xi 


reflection for evaluation of elastic constants. For the 
study of diffuse reflection, the incident beam has been 
monochromatized using a curved qiaartz crystal monochromator - 
The monochromator assembly was designed so as to be accommo- 
dated on GE-XRD-6 diffractometer. Various corrections viz. 
divergence, polarization, skew, absorption and general scat- 
tering applied to measured intensity of diffuse reflection 
are also discussed in this section. In order to determine 
the absolute values of elastic constants, the direct beam 
intensity Iq has been determined using the Compton scattering 
of diamond as an intermediate standard. This is described 
in Appendix I. 

Chapter III deals with the determination and discussion 
of tile crystal structure of (nh ) BeP . The structure has 
been refined to an R value of 0.049. The structure consists 
of two kinds of arimonium tetrahedra, (WJ-i^) j and (NH 4 )jj 
which are hydrogen bonded to BeF^ tetraiiedra. The large 
thermal anisotropy of fluorine atoms has been analysed in 
terms of rigid body libra tion of BeF^ grcup. As a consequence 
of this the foreshortening of individual Be-F bond length 
by aboub 0.02 S. has been accounted for. Other staructural 
features have been correlated with the known results of 
Raman spectrum of (NH 4 ) 2 BeF 4 . 

The results of the study of TDS of X-rays have been 
discussed in Chapter IV. The reciprocal lattice points 



(relps.) used to calculate all the elastic constants of 

2 BSP 4 are 004, 020, 040, 400, 301 and 031. For differ- 
ent directions of propagation of the ther;nal wave, the graphs 
between the ratio of diffuse intensity to incident intensity 
and square of wavelength of the corresponding thermal wave 
for all the above relps. have been drawn and shown in 
Appendix II. According to Voigt's theory of elasticity 
there will be 9 elastic constants for orthorhombic 
2 BeF^ whose values in units of 10 ^^ dynes cm ~2 


Oil = 3. 

.82, C22 = 

3.56, 

' O33 

= 2. 

45, C44 = 

0.96, 

C 3 5 = 1 . 01 , 

^66 = O' 

.79, Cj_2 = 

1.78, 

■ 0i3 

= 1. 

52, C23 = 

1.41. 

The accuracy 

of C 44 , 

O 55 ' ^ 66 ' 

Oil' 

022' 

O 33 ' 

0l2' O13, 

' O 23 

is estimated 


to be 5%, 8 %, 10% respectively. Laval's theory requires 
15 elastic constants for the orthorhombic system. This is 
so as certain constants which are required to be equal in 
Voigt's theory may not be equal in Laval's theory. The 
differences in such elastic constants have not been found 
to be significant for (NH^) 2 BeF^ as they are within the 
experimental errors involved in the method. Isodif fios ion 
contours have been drawn around the node (400) and thus 
information about thermal vibration amplitudes has been 
obtained. The mean sound velocity in the crystal has been 
calculated' from elastic constants and Debye temperature for 
(ISIH 4 ) 2 BeF^ has been evaluated as 381 K. The constant 
velocity surfaces have been plotted in different sections. 
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I*he other bulk properties viz. bulk modulus/ shear modulus 
etc. of polycrystalline aggregate of (NH^) 2B€F^ have been 
evaluated from single crystal elastic stiffness constant 
(Cij) and elastic compliance constant (Sij) values. A 
qualitative correlation between structure and elastic 
constant values is also indicated in this chapter. 



1. INTRODUCTION AND THEORY 


Since the establishment of fundamental principles of 
X-ray diffraction by Von Laue/ W. H. Bragg and W. L. Bragg/ 
X-ray diffraction has become one of the raajor tools of study- 
ing the arrangement of atoms in crystals. It also yields 
information about the motion of atoms about their mean 
position which in turn may be einployed to give useful informa- 
tion about the related physical properties of the crystals. 

The compound undertaken in the present study is Ammonium 
f luoberyllate , (NH 4 ) which has been the subject of 

considerable interest since the discovery of its ferroelec- 
tric transition at 175 K (Pepinsky and Jona, 1957) and 

more recently of its non-ferroelectric transition at 132 K 

( 2 ) 

(rfekita and Yamauchi, 1974) . Unlike proper ferroelectrics 

such as triglycine sulphate and BaTi 03 , (^ 14 ) 2 BeP 4 (called 
APB hereafter) has very different and peculiar properties. 
Recently Levanyuk and Sannikov*-^^ have proposed an improper 
ferroelectric model for APB, in which free energy is repre- 
sented by tv70 characteristic parameters. Although many 
investigations have been made, the mechanism of phase transi- 
tion in APB is still unkno^-m. Hence it is of interest to 
study more about its physical properties- Keeping this in 
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view, crystal structure and elastic properties of APB have 
been investigated at room temperature (305 K) in the para- 
electric phase, using X-ray diffraction metliod. Brief 
theoretical background of crystal structure analysis as 
well as determination of elastic constants by X-ray methods 
is given in the following sections. 

l-A.l Crystal Stmcture Analysis 

The scattering of X-rays by matter is essentially the 
scattering due to electrons. A measurement of positions and 
intensities o£ the diffraction maxima forms the basic set of 
data for structure analysis. The positions are used for 
identifying the crystal planes and determining the geometry 
of the unit cell. The space group symiTietry information is 
derived from the systematically absent reflections in differ- 
ent classes of reflections in the intensity data. The 
intensity of reflections is related to electron density 
distribution which in tuirn depends on the atomic positions. 
The intensity data therefore can in principle be used to 
determine the crystal structure. 

Structure Factor (Pi^i) 

At a diffraction maximum, i.e. the reflection hkl, the 
sum of amplitudes of the wavelets scattered by all the atoms 
in the unit cell is given by 



J 

^hkl ~ ^ ®^[2iTi (hxj+kyj+lzj) ] (1.1) 

j=l 

y;here fj is the atomic scattering factor of the atom 

located at the position (xj,Yj,Zj) in the unit cell and J is 
the total number of atoms in the unit cell. 

Equation (l.l) can also be written as 


^hkl 


J J 

E f^ cos (f»-j + i E f4 sin • 
j=l j=l 


i.e. I j 



sin 



( 1 . 2 ) 


(1.3) 


where (j>j = 2‘n (hxj + ky^ + Izj) is called the phase of the 

the structure amplitude 


Fourier (Fq) Synthesis 

Since a crystal is a period structure in three dimen- 
sions/ it can be represented by a 3-dimensional electron 
density function p(xj/yj,Zj), which varies continuously over 
the volume of the unit cell. The structure factor then can 
be written as 

V 

Fhki = I p(xyz) exp [2Tri (hx+ky+lz^dv (1.4) 

o 

where V is the volume of unit cell, since the electron 
density p(xyz) is periodic in three dimensions, it can be 
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represented by a 3-dimensional fourier series 

+eo 

p(xYz) = E I E exp[-27ri (hx+ky+lz) ] (1.5) 

h k 1 

The fourier coefficients turn out to be Fhkl'^’'^ 

hence 

p(xyz) = 1 E E E Fhkl exp[-27ri (hx+ky+lz) ] (l.6) 

^ h k 1 
— 00 

Thus if known, a ttree dimensional plot of p(xyz) 

could be obtained and the peaks would show the positions of 
atoms . 

Phase Problem 

The complex form of the expression (l.l) for the 
structure factor merely means that the phase of the scattered 
wave is not simply related to that of the incident wave. The 
phase, however, is not an observable quantity, the only 
observable (quantity being the intensity which is proportional 
to j . Hence the experimental data Ihkl (intensity of 

the reflection hkl) which only gives the information about 

Phkll ^hkl “ l-^hkl I ^ direct information about 

phase of the diffracted beam is not sufficient for performing 
fourier synthesis- 

In the absence of any direct information about phases 
of the diffraction maxima (reflections) , the crystal structures 
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are solved by extracting the information about phas^ indirectly 
by one of the many methods or their combinations which may suit 
a given problem, some of these are menbioned below. v, 

Patterson Synthesis 

2 

Instead of r measurable quantity (Fhbll ‘ i*e. 

Ihkl/v are used as fourier co-efficients. The resulting 
synthesis gives information about interatomic vectors from 
'/vhich the atomic positions of many atoms may be derived using 
image seeding or vector convergence procedures in suitable 
crys tal s true tares . 

Heavy Atom Ifethod 

If the unit cell of the crystal contains a few heavy 
atoms whose positions are known (by Patterson synthesis or 
symmetry) then a fourier synthesis, phased with these atoms 
only, is done and it may reveal a few more atoms. The remain- 
ing atoms could be located by successive use of Fq synthesis 
phased v/ith more atoms. 

Direct Methods 

It is a class of methods in which attempt is made to 
derive the phases of the sbructure factors without previously 
having postulated any atomic positions. For fairly large 
structures having nearly equal atoms, these methods have been 
used with great success. 



6 


l.A. 2 Refinement of the Structure 

Once the model of the structure has been proposed, it 
is necessary to improve the preliminary co-ordinates so as 
to obtain best correspondence between the calculated 
( jF^kl^ ^ observed ( ) structure factors- The 

following procedures, their variants or combinations are 
generally used. 


Difference Fourier Synthesis 

The difference synthesis uses - ^hkl^ 

fourier co-efficients, i.e. 

Po - ^ E S S ^^hkl~^hkl^ exp[-2Tri (hx+ky+lz)] 

h k 1 

(1.7) 

When the proposed model exactly matches the actual crystal 
structure, the difference map in characterized by essentially 
a flat topography. If the proposed structure deviates in any 
way from the actual structure, a topography characteristic of 
the deviation is observed which helps in locating the unresolved 
atoms in Fq synthesis as well as in determining the anisotropy 
of thermal vibration of different atoms. 


Least Squares Refinement 


TO obtain a better agreement between ^hkl' 

different parameters Pj (j=l,...n; where n is the total 
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number of variable parameters) on which ai'e dependent, 

e-g. atomic positions, temperature factors, scale factors, 
etc. are systematically varied such that 


M 


. 1 . “hKi 'I '^hici! -I ^ ''Ski' ) 

nKi 


is a minimura; weight alloted to each reflection 

and k is the scale factor. Talcing first derivative of M w.r.t. 
different parameters Pj and. equating them to zero, leads to n 
normal equations which can be written in the matrix form as 
follows 




[c]^„ ■ = [V]^^ (1.8) 

where 

^ij 

* 1 ’^hkll ® 1 ’^hkll 

-,j:,<^hkl 3P. 

hkl 8 Pi 


X . 

J 

= A P j 

and 

h 

9 1 1 

= 1 Whvi •; 

or 

^^^nxl 

= 

Thus 

one can 

get the value of Xj i.e. APj/ the required shift 


in the parameter for a better fit. This refinement process is 
repeated until the shift in each parameter becomes small as 
compared to its standard deviation. 

It is advisable to compute the difference map after 
each refinement cycle to inspect for any significant features. 
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l.A. 3 


F igure of Merit 


The reliability index R is taken as the figure of 
merit of tlie structure. It is defined as follows • 


E iip° 


R 


n 


hkl 


I - If?, Jl 


hki 


I 

n 


;,o 

■hkl 


(1.9) 


where n is the total nurriber of observations- smaller the 
value of R, the better is the agreement of proposed model 
with the observed one. If weights are given to different 
reflections/ a weighted R factor, uR, may be defined as follows 


wR = 


n “ '•^hkl ^hkl ’ 
n ^ '^^hkl^ 


1/2 


( 1 . 10 ) 


l.A. 4 


Thermal Motion Analysis 


Atoms undergo thermal motion at all temperatures and 
thus electrons of each atom sweep out a large average volume 
which may be regarded as triaxial ellipsoid in the most 
general case of anisotropic thermal vibrations. The shape 
will be sphere if the thermal vibrations are isotropic- The 
thermal motion causes the effective atomic scattering curve 
f of the atom to fall off more rapidly with the scattering 
angle ® - For the isotropic case 


f 


f^ exp [- Bq (sin^ 9/X^) ] 


( 1 . 11 ) 
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where is the scattering factor of the static atom and Bq 
is the isotropic temperature factor and X is the wave-length 
of the X-rays scattered. In the early stages of the crystal 
structure refinement, it is sufficiently good approximation 
to take the temperature factor as isotropic but as the refine- 
ment aoproaches the final stages, each atomic motion may be 
approximated by a triaxial ellipsoid which is different for 
each non-equivalent atom. This leads to the anisotropic 
temperature factor which for atom of the unit cell is 

defined as follov^s 

fj = ^oj f ~ 2 2^ ^ 33^ ^ 1 2^^"^ 13^^ 23^^ (l»12) 

The normal modes of vibration of a simple molecule are 
constituted by molecular (internal) modes and lattice (external) 
modes. The former involve the stretching orbending of bonds 
within a molecule and have relatively high frequencies while 
the latter describe the translation and rotation (i.e. libra- 
tion) of each molecule essentially as a rigid unit and hence 
have low frequencies. At ordinary temperatures, the mean 
square displacement of an atom resulting from the molecular 
modes is only a few per-cent of that produced by the lattice 
modes and hence it is a reasonable approximation to neglect 
the former contribution at room temperature . 

The mean square displacement of any atom of the unit 
cell in the direction 1 specified by unit vectors 
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can be written as 




3 3 

I I 

i=l k=l 


Uij, ^ 


where are the components of the syriraetric tensor U 

obtained from the anisotropic temperature factors For 

a rigid body motion of a molecule (or a part of it) * this 
displacement can be expressed in terms of two syminetric 
tensors T and L, each with six independent components 
(Cruickshank, 1956) . T gives the translational vibration 

of the centre of masses and C. the angular oscillation 
(libration) about axes through the centre. Ihe value of 
in a direction i at a point r in the rigid body is then 
given by 



3 3 3 3 

I I -I I 

i=l k=l i=l k=l 




k^ 
(1.14) 


There is an equation of this type for each atom of the 
molecule/ hence T and L tensors for the molecule can be 
calculated. An important consequence of the rigid body 
libration is that it can account for the apparent shortening 
of the bond lengths due to angular oscillations. 


If the libration axes are not constrained to intersect 
in a known point (e.g. centre of symmetry of the molecule) 
an additional non-symmetric tensor called the screw 

tensor has also to be used to correlate the L and T tensors. 
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when this tensor is included in the analysis/ the fit of 
observed and calculated tj's is independent of origin but 
the cornoonents of s and T vary with it. To avoid this 
arbitrariness/ S is symmetrized and values of s and T are 
calculated w.r.t. the principal axes of L. 

The amplitudes of angular oscillation can be used to 

calculate the average frequencies of the rotational branches 

of the normal lattice vibrations. Each of the rotational 

branches laay be approximated ^ by a constant freq'uency 

and the mean square amplitude of angular oscillation in 
2 

radian is then given by the following equation 

(L,) - h — (1. coth (1.15) 

1 3^^^. V KT 

where I is the moment of inertia of the molecule about the 
axis of libration. 

1 . B . 1 The rrnal Di f f use ^ .Scattering (TDS) 

Due to thermal motion of atoms at all tenperatures / 
there is a diffusely reflected part of the radiation which 
can provide very useful information about many physical 
properties of tiie crystal, e.g. elastic properties/ Debye 
temperature etc- Excellent suiiomariss of the theory of x-ray 
diffuse scattering are presented by Born (1942-1943) / 

James (1950) / Slater (1958) ^10) , Wooster (19 62) and 
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( 1 2Y 

Cochran (19 69) ‘ . The theory has been placed on firm 

footing by the experimental work of Laval (1938-1957) ^^2)^ 
Lonsdale and Smith (1941,1942)^^'^^ and Ramachandran and 
Wooster (1951) . 

The idea of determination of elastic constants from 
the study of diffuse X-ray reflections originates from the 
theory of Waller (1923-1928) and Faxen (1923) 

According to this theory, atoms constituting the crystalline 
medium vibrate continuously at all temperatures, the ampli- 
tude of vibration increases with an increase of temperature. 
These vibrations resolve into ther-mal waves which are super- 
imposed on the static periodicity of the crystal. Conse- 
quently regular periodicity of the crystal gets modulated 
by each thermal v^ave and gives rise to a series of dynamic 
stratifications corresponding to each set of lattice 
planes (hkl) . coherent reflections from these dynamic 
stratifications will be possible at angles slightly different 
from Sragg angle of the static plane. The intensity of such 
a reflection will depend on the ainplitude of modulation which 
is given by the amplitude of corresponding thermal wave. The 
latter is again dependent on tie frequency of the wave, 
being smaller the higher the frequency owing 'to -the 
equipartition of energy among the different modes of vibra- 
tion. Thus the intensity of a dynamic reflection correspond- 
ing to a particular thermal wave can be indirectly employed 
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to give its frequency. The wavelength (X), which is reci- 

4 

procal of the wave vector (q) and the direction of propagation 
of the V7ave depend on the geometry of dynaiaic reflection, i.e. 
the angles of incidence and reflection with respect to the 
static planes. By proper choice of geometry, it is possible 
to pick out for observation the dynamic reflection due to a 
particular thermal wave having a definite wave-length and a 
definite direction of propagation. The v/avelength and 
frequency of a particular thermal wave being 3cnown, its 
velocity can be determined. since idle thermal waves corres- 
ponding to small x-zave vectors can be identified v/ith the 
acoustic waves, their velocity in a particular direction can 
be related to the elastic constants of the crystal. This 
elegant theory of Waller has been mathematically formulated 
by taval (1943) ^^3) go as to explicitly express the intensity 
of diffuse reflections in terms of elastic constants . Essen- 
tial features of his treatment are described below. 

Thermal vibrations of a crystal consisting of N unit 
cells and g atoms per unit cell can be resolved into 3Ng 
independent waves. Assuming the thermal waves to be plane 
and neglecting absorption and dispersion and excluding the 
Compton scattering, the total amplitude scattered by a crystal 
vibrating under the influence of 3Ng thermal waves can be 
shown to consist of two components i 
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1. Liaue Bragg reflection having tiie same frequency as that 
of the incident beam but having atomic scattering factor, fj, 
reduced by tliermal motion. 

2. The second component consists of diffracted radiation due 
to thermal vibrations. For polyatomic lattice one wave vector 
corresponds to a number of thermal waves having different 
frequencies. So no exact information about frequencies can 

be obtained from the intensity of diffuse reflections. But 
for very long waves, i.e. sb.ort wave vectors (q-*- 0) , the 
frequency of the three (one longitudinal and two transverse) 
acoustical v^aves approaches zero while that of optical branch 
remains still high, the amplitude scattered by optical branch 
becomes inappreciably low, ■whereas that due to acoustical 
branch remains high (except in a rare case where there is a 
low frequency optical mode present) . Hence for small wave 
vectors, only acoustical modes are primarily effective in pro- 
ducing diffuse reflections and therefore amplitudes of vibra- 
tions of thermal waves with polarization a can be taken to 
be saiiie for all atoms. considering only first order diffuse 
reflection where only elastic waves having their wave vectors 
q equal to ±XQ (Fig, 1.1, where X is the reciprocal lattice 
point (relp.) nearest to q) contribute, tlie fraction of the 
incident intensity /Iq reflected in the first order for 

region of reciprocal space close to a relp- from the equation 
( 13 ) 

of Laval (1943) 


is given as follows 
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0 

Fig. 1.1 Vector diagram for first order diffuse reflection, 

(Q is the pole of diffusion; X is the reciprocal 
point nearest to it.) 

ll Pm t*t|* 3 cos^(X/Aa) 

^1 = t” = 

V j^j2 pv2 

where 

N is the total number of unit ceils in the crystal. 

is the structure factor of the plane hkl under 

consideration at temperature T. 

V is the volume of the unit cell. 

X is the reciprocal lattice vector OX. 

^ is tile wave vector of the tnermal wave. 

p is the density of the crystal. 

A ,V are tiie arnrilitudes and velocities respectively of 
a a 

the three acoustical waves having wave vector q. 

In the above equation all the terms except the summation are 
known or can be readily evaluated. This summation has been 
evaluated by Jahn (194 2) 



and is g iven by 
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3 cos^ (X,aJ 

^ 2 
a=l pV^ 

a 

= + M^A2 2 + ^^A33 


= K 

+ 2U4All^ + 2MNA23 


+ 2NIiA3| 


(1.17) 

(1.18) 


where L, M, W and U/V,w are the direction cosines of X and 

respectively witli respect to orthogonal crystal axes and 

(a"*^) -! ,■ are the ele.aents of tlie matrix A”^ which is inverse 
J 

of the matrix; A whose elements are given by 


%1 


‘^ll 

^66 

^55 

2655 

2 Ci 5 

2Ci6 


■'u2'” 

-^22 


^66 

^22 

C44 

2 C 24 

2C45 

2 C 26 


y.2 

A 33 


'^55 

C44 

^33 

2 C 35 

2 C 35 

in 

0 

(N 


2 

A 23 


^'56 

C 24 

C34 

(C 23 -+C 44 ) 

( 036 -^ 045 ) 

( 025 + 846 ) 

i 

vw 

^13 


'^15 

'^46 

C 35 

(C36+C45) 

(Ci 3 -K: 55 ) 

(C14-K356) 1 

wu 

_Ai2 


Ci6 

^26 

^45 

(C25-t<^46) 

(C14-+C56) 

(Ci2-*<266) 

1 

I uv 


(1.19) 

where are the elastic constants of the crystal. 


•*. ( 1 . 16 ) becomes 


(Ji 



e^NF^^T 

V 


TfP K[uvw]^^^ 


( 1 . 20 ) 


The form of the elastic constant matrix given above 

corresponds to the theory of elasticity which was given by 

( 19) 

Voigt (l9io) by treating crystalline medium as homogeneous 
to all scales and also by Cauchy and Born (1915) by 

treating interatomic forces as central forces. Both these 
approaches led to the same conclusion that the stress and 


b * 



17 


strain tensors are symntstric/ thus leading to 36 elastic 
constants which reduce down to 21 in the most general case 
by the symmetry requirement that C^-g = Cgj-. A detailed 
acGCunt of the tlieory of elasticity has been given by Wooster 
(1938)^21)^ Lo^g (1944)^^2^, Nye (1957)^23)^ Krishnan (1958)^24)^ 
Huntington (1958)^25) Bhagavantam (1966)^26)^ 

1 . B . 2 Second Order Diffuse Reflection 

Laval has shown that 2nd order diffuse reflection (<^ 2 ) 
from a pole of diffusion will be produced only by the combined 
action of the pairs of waves / tlie wave vectors and q g of 
which add vectorially to 4jQX as shown in fig. 1,2 below. 



Pig. 1,2, Vector diagram for second order diffuse reflection. 

Ramachandran and Wooster (1951)^^^^, making certain approxima- 
tions in view of the fact that 02 « ^ 1 * derived the 

following expression for 02 * 
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O 2 


1L_ 

2 


N (kT) ^ 
V 



1 1 K ' [ u vw] 

I?1 


hkl 


( 1 . 21 ) 


4 f'*' y 
COS ^ {X’A^ ) 


Thus the second order correction is more important at high 
temperatures and for higher order reflections- 


where K'[uvw] 


hkl 


3 

Z 

a =1 


1 . B . 3 Simplified Fonmula of Diffuse 

Reflection for Orthorhombic Case 

In general a given measurement of diffuse intensity 

depends on several elastic constants, but by a proper choice 

of reflecting planes and wave normals, each measurement can 

be made to depend on only one or two elastic constants. Also 

expression for k[uvw]]^j^j_ becomes simpler for crystals of 

higher syinmetry. For an o rtho rhomib ic crystal, according to 

Voigt's theory, there are 9 unique elastic constants and the 

( 11 ) 

matrix equation (1.19) takes the following form 


All 


^11 

^G6 

G55 

0 

0 

0 


r 

l 

^22 


^66 

^22 

C44 

0 

0 

0 


v 2 

A33 


C55 

C4.4 

C33 

0 

0 

0 



^23 

" 1 

0 

0 

0 

(0234^44) 

0 

0 

1 

vw 

^13 J 


0 

0 

0 

0 

(C134C55) 

0 


wu 

J ^12 



0 

0 

0 

0 

^'^12''^66> 

] 

1 

uv 


( 1 . 22 ) - 
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With the help o£ these Aj_ j ' s , the expre ss ions for different 
K[uw;]]^]^ 2. simple directions of propagation of thermal 

waves have teen derived and are given in Table 1.1. These 
relations have been used for evaluation of the elastic 
constants of AFB. 

1.3.4 New Tlieory of Elasticity 

Laval (1951a) :)ointed out that the central force 

assumption of Born leads to atoiins inside a crystalline medium 
being rigid impenetrable spheres. But a crystalline solid 
consists of rigid positive ions distributed in a periodic 
array in a continuous fluid of electrons. T>ie forces acting 
on the whole mass of the crystal chiefly determine the 
elastic properties of the crystal. These forces are produced 
by the relative disoLacement of the ions as well as by the 
interaction of the ions with the surrounding deformed 
electronic raediui'a. The former type o c forces can be taken 
to be sensibly central but not the latter one. On account 
of these considerations Laval showed that the stress and 
strain tensors are not symmetric and would have 9 components 
each. This v/oul.'] give rise to 81 elastic constants v/hich 
due to their syiimetry property Cj-g = become 45 and the 
matrix equation (1.19) vjou Id take the following form 
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Table 1,1 

f 

Relation Between KCuvwl , C (old theory) and C 

hKl ii i1 

(new theory) for Orthorhombic System 


Direction cosines 

Expression for 

K(uvw3 

u,v,w of thermal 


hlcl 

wave through 

According 

to 

node(hk:l) 

Old theory 

New theory 


^ 'i 



a b Plane 




f 

tlOO) 

1/C 

l/C 

hOO 

11 

11 

£1003 

l/C 

# 

l/C 

OIcO 

66 

99 


2 2 

2 * 2 * 

£1003 

h /C +M /C, 

6 /C -tM /C 

hKO 

11 66 

11 99 

COIOJ 

l/C 

f 

l/C 

hOO 

66 

66 

£0103 

l/C 

f 

l/C 

OJcO 

22 

22 


2 2 

2 * 2 * 

£0103 

h /C +M /C 

L /C +M /C 

hkO 

66 22 

66 22 



f » # 

£l/|2,l/j2,03 

2(C +C )/Pl 

2(C +C^ )/Pl 

hOO 

22 66 

22 99 



ft f 


2(C -tC )/Pl 

2£C +C 3/Pl 

oico 

11 66 

11 66 



Plate (C^ tC )+C 

2 

C -2C C < 3 


11 22 66 

22 66 12 66 12 


# f f f 

# i f 2 


Plat(C +C )£C +C )-£C +C ) 3 


11 66 22 

99 12 69 



...Contd, 
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fable 1,1 contd. 


Direction cosines 
\ifV,v of thermal 
wave through 
nodethkl) 

Expression for 

According 

Old theory 

K[uvw3 

hkl 

to 

New theory 

COIOJ 

♦ * 

b c Plane 

1/C 

f 

1/C 

OicO 

22 

22 

t0103 

1/C 

f 

1/C 

001 

44 

77 

toioj 

2 2 

M /C +N /C 

2 ' 2 * 

M /C +N /C 

Okl 

22 44 

22 77 

COOU 

1/C 

r 

l/C 

OlcO 

44 

44 

tOOlJ 

i/C, 

* 

l/C 

001 

33 

33 

COOU 

2 2 

M /C ffi /C, 

2 * 2 ' 

M /C +N /C 

0)cl 

44 33 

44 33 

C0,l/J^,l/j23 

2(C +C 3/P2 

f » » 

2(C +C )/P2 

^ OkO 

44 33 

77 33 

C0,l/J'2,l/i23 

2(C +C 3/P2 

t # f 

2(C +C )/P2 

001 

22 44 

22 44 




P2»tc CC +c 3+C C -2C C 3 

22 44 23 44 33 23 44 23 

f #f ff * * 2 

P2»£(C +C )£C +C )-(C +C ) 3 

22 44 77 33 23 47 



• # # C otit , 
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Table 1,1 contd. 


Direction cosines 

Expression for 

lW|pi|lipilPM|p»llipiil||OT 

Ktuvw3 

mmmmmm 

u,v,w of tnermal 


hkl 


wave through 

According 

to 


node(hKl) 

Old theory 

New theory 






a c Plane 





f 


llOOJ 

1/C 

l/C 


hOO 

11 

11 


11003 

J/C 

f 

l/C 


001 

55 

55 



2 2 

2 * 

2 * 

U003 

L /C +N /C 

L /C +N /C 

hOl 

11 55 

11 

55 

10013 

1/C 

# 

l/C 


hOO 

55 

88 


10013 

l/C 

9 

l/C 


001 

33 

33 



2 2 

2 ♦ 

2 » 

10013 

L /C +N /C 

h /C +N /C 

hOl 

55 33 

88 

33 



# 

# f 

Cl/J2,0,l/J23 ^ 

2(C +C 3/P3 

2(C +C 


hOO 

33 55 

33 

55 



f 

f f 

tl/j2,0,l/i23 

2(C +C )/P3 

2(C +C 


001 

11 55 

11 

88 

Plate CC +C )+C 

2 

C -2C C -C ^3 



11 33 55 

33 55 13 55 13 



9*9 f 

» » » 2 



P3a[(C +C )(C +C )-(C +C 3 3 



11 88 55 

33 58 13 
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'^11 


Cii 


^88 

2C' 

36 

2Cj_8 

'he 

, 

U-i 

^22 


Cc)9 

''■^22 

C 44 

2C^4 

2C49 

^'^29 


v^ 

‘■^33 


C 55 



2 C 27 


20*^ 5 



*’^23 

i 

1 

^7 

'^34 

(C 23 -H 247 ) 

(Cgg 

(C^g^^g) i 


vw 

^13 


» 

^-7 6 


(C 78 -IC 35 ) 

(C58-K:i3) 

(ciy-tCgg) i 

i 

} ■ 

: WU ; 

:'H 2 I 

! 

icig 


C 43 

^C23'^46^ 

(C 44 +C 39 ) 

(Ci2+C^9) 

t i 

i 

i uv i 


(1.23) 

For orthorhombic system, there are only 15 non-zero unique elastic 
constants and the matrix equation ( 1 . 23) takes the form 


%i 


cli 

^66 

^88 

0 

0 

0 


u2 

^22 


^99 

ch 

C44 

0> 

0 

0 
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:'^33 
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^55 

C 77 
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0 

0 


w2 

*"^23 

1 

1 ° 
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(C23-^47) 

0 

0 

1 


vw 

%3 

1 0 
' 
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0 
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1 

wu 

'^12 i 

1 0 

0 

0 

0 

0 

(c{2+C69) 

* 1 
i i 

1 1 

1 , 1 

uv 

' m**’ 


(1.24) 

These relations have been used in interpreting the results of the 
present study, in terms of the new tiieory of elasticity. A great 
amount of taaoretical and esxperimental work on tiie new theory 
of elasticity has been done by Laval (1951,1957) ^^^^, Viswanathan 
(1955) Le-Corre (1953-1953) , Raman and Viswanathan 

(1955) ^^^^, Joel and Wooster (1957-1960) and Kris hnan etal. 
(19 53) but unequivocal results to verify the new theory are 

not yet available. 



2 . EXP BR IME OTAL PRO C EDURE 


2.A.B. Specimen Preparation 

Crystals of APB were grown from aqueous solution of 
the salt obtained from ICN K and K Labs, N€w York. The 
crystals generally form long needles of faces (100), (OOl) 
and (101) v/ith end faces being a pair of (olO) or two 
pairs of (Oil) faces. In some of the crystals (lOO) face 
is so broad as compared to (OOl) or (101) that they take 
thin plate like shapes. Suitable single crystals are not 
easy to obtain. After the solution becomes supersaturated, 
the growth of the crystals is very fast and one gets a 
bundle of suiall transparent crystals, most of wluch are 
twinned as has also been reported by the early study of 
Mikher jee . Only twinfree, single domain crystals were 
selected for crystal structure as well as diffuse scattering 
study by careful examination of these crystals under polariz- 
ing microscope and by taking Laue photographs. 

The dimensions of the crystals were determined by a 

ta 

travelling microscope. The density was measured by floa^ion 
method using a solution of tetrabromome thane ( p- 2.964 g/cm^) 
and carbontotrachloridc (P = 1.595 g/cm') , The measarod and 
calculated densities are listed in table 2.1, 



Table 2,1 


Crystal Data on Ammonium Fluoberyllate 


Chemical Formula 
Crystal Class 
Space Group 
Axial Parameters 

Number of Molecules 
per unit Cell 

Volume of the Unit Cell 

Measured Density 

Calculated Density 


(NH ) BeF 
4 2 4 

orthorhombic 

Pnroa 

o 

as 7,6367(3)A 
bs 5.9072(2)A° 
calO,4316{3)A 

4 

o3 

470,585A 

3 

i,686g/cm 

3 

l,707g/cm 


Linear Absorption 

Co-ef ficlent(jw3for MoK^ 2,4cm 
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2- A Crystal Structure Determination 

suitable sinol'S crystals of sise 0.1 x 0- 4 x 0.2 mm 
were chosen for structure determination. Prel irainary studies 
of the crystals v/ere done photographically. Rotation/ oscil- 
lation and zero layer Weiss'onborg photographs were taken to 
identify the cell axes and angl< 2 s - The crystals were foand 
to belong to orthorhombic system. Precession photographs 
were also taken which showed clearly the ortliorhombic symmetry 
with the following systefnatic absences/ 

Reflections hko absent h = 2n-t-l 

and okl absent vihsn k+J, = 2n+l 

indicating tne space group Pnma or Pn2j_a. 

One of the crystals/ aligned about b-axis/ was trans- 
ferred to General Electric XRD-S diffractometer equipped with 
a quarter circle goniostat. Using a proportional counter 
and filtered CuKoj radiation = 1.541G a)/ the lattice 

constants a, b, c were accurately determined from high 
order axial reflections. A slov-r scan in 20 of the above 
reflections v^as made and a mean 20 corresponding to half 
the peak intensity on either side of the peak was taken as 
tine 20 for calculations of lattice paraireters. 

Once the lattice parameters were known, the x / and 
29 settings of the goniostat were calculated using a computer 
program written for IBM 7044 computer. Reflections which 
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were found systematically absent in the precession photographs 
were again checked on the diffractometer/ thus confirming the 
space group to be either Pnma or Pn2]_a. The first set of 
tliree dimensional intensity data were collected on this 
diffractometer using the stationary crystal stationary 
counter technique. From a random cneclc in different regions 
of the reciprocal space/ the maximum vridth of a reflection 
was found to be less then 1.5*^. For each reflection the 
intensity of t'le peak and the background recorded at one 
degree off on either side of the peak were counted for 10 
seconds. Six reflections 600/ 004/ 223/ 341, 020 and 060 
of good intensity and coverying the whole range of ^ / (}, , 26 
were chosen as standard reflections whose intensities v/ere 
monitored every eight hours to check for any misalignment or 
irradiation effects in tlie crystal. Irradiation effects in 
the crystal were found to be negligible. These have also 
not been reported earlier by any other worker. 

In order to keep the intensity of strong reflections 
(>2000 c.p.s.) in tlie linear range of die counter, additional 
nickel absorbers were used in front of the cainter windov/. 

The filter factor for tliese absorbers was determined by 
measuring the intensity of some reflections wliich lie in the 
linear range of the counter, with and without the absorber. 

The ratio of the two gives the filter factor for that 
absorber. There were eleven reflections for which additional 
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absorbers were required. Beyond 2e angle of 110°, two 
thirds of the reflections bed intensity almost equal to die 
background, hence beyond this 20 the intensity measurements 
were not done. The intensity data for 670 unique reflec- 
tions were recorded out of which only 410 were such that 
they had intensity I greater than three times the standard 
deviation a(l)/ i-e. I > 3cr (l). Only these were coded as 
'observed' and rest as 'unobserved' reflections. 

The integrated intensity of each reflection was 
calculated by subtracting the mean of background counts from 
the counts recorded with counter set at the 29. Lorentz and 
polarization corrections were applied to each reflection 
through a computer program written for IBM 7044. At x= ^0° 
the intensity of 020, 040 and 060 reflections was noted as 
a function of (j) with varying from 0° to 360°. The maximum 
variation was less then 5*5^ hence absorption correction was 
not applied. 

Three dimensional intensity data were again collected 
on syntex P2i automatic diffractometer rat Material Research 
Centre, McMaster University, Canada. Using a graphite crystal 
monochromatic Mol^ radiation (X^ = 0.71069 R) , integrated 
intensities for 1267 reflections upto 29 = 55° in two 
octants hkl and hkl were measured from a crystal ground 
into the shape of a cylinder of radius 0.07 5 mm and length 
(along b) 0.30 mm. For different reflections, the scan rate 



29 


depended upon the peak intensity. Two reference reflections 
221 and 301 '>;ere ’Tionitored t'iroighout the data collection 
(at intervals of 14 reflections). The random fluctuation in 
the intensity of these reflections was less than 10?i. Back- 
ground intensity was measured on either side of and one degree 
removed from each peak. The measured intensities were 
corrected for Lorentz and polarization corrections. Since 
linear absorption co-efficient U (calculated theoretically) 
for APB is very low (=2.4 cm“^) and crystal used is of small 
size, it is not considered necessary to apply absorption 
correction. Averaging equivalent reflections in two octants 
gave 67 3 unique reflections out of vdiich 411 were coded 
as 'observed' reflections (I > 3a (I)) based on counting 
statistics. The lattice parameters calculated from high 
order axial reflections are given in Table 2.1. 

2 . B 'Tliermal Diff use scatter ing 


Two types of experimental arrangements, one based on 
the photographic method and too other on the diffractometer 
with ionizatiori counter are used for recording the diffuse 
X-ray reflections. For a detailed study of these reflections 
from a single crystal, the diffractometer is more suitable 
as the intensity measurement is more accurate and the crystal 
specimen can be conveniently manipulated to allow a continuous 
survey oE ^^rhole hanisphere of the reciorocai space with smooth 
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.j 'K' fine controllable motions. A GE-XRD-5 Jiff rac tome ter 
equipped with a goniostat as mentioned in the earlier section 
has been used here also. The X-ray bea^u used is monochro- 
matic Moi% obtained from a curved quartz crystal monochromator. 
The absolute value of the incident beam intensity (Iq) is 
obtained froui comp ban scattering of diamond as an inter- 
mediate standard, details of which are given in Appendix I. 

2 . B . 1 Method of Monochromatization 

Balanced Filters 

In the present case/ the monochromatization was first 
tried with balanced filter of Zr (Z = 40) and Y (z = 39) . 

Zr was available in the form o£ a thin foil but not Y, hence 
high purity Y 2 O 3 powder pressed into a thin pellet was used. 
Several trials v/ere made to match the tv/o intensities at all 
points except the peak reflection/ but none of them v^as 
very satisfactory, sometimes the match was perfect on lower 
angle side but not on the higher angle side and vice-versa. 

In few trials the aiatch was perfect but only in small 
regions of 20. This was due to the fact that very thin 
('vO.l mm) pellets are needed and it is very difficult to 
ensure uniformity of thickness. Also considering the fact 
that there is a si'iiall portion of the v^hite radiation wMch 
is transmitted more by one filter than by the ot.her/ this 
method was abandoned in favour of a crystal monochromator. 
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Crystal Monochromator 

For the study of diffuse reflections/ curved crystal 

( 33 ^ 

moaochrornator has been used by many earlier workers ^ ^ . 

The curved quartz crystal monochromator used here has been 
accoffimodated between the goniostat and idie X-ray tube by 
shifting the tube mount and turning it about its axis from 
its norraal geometry. The reflection (lOll) from quartz 
single crystal of dimensions 4 x 1.3 x 0.03 cm das been 
used as the monochromatic beam. The quartz crystal was 
pressed in the brass die for MoKqj radiation. The die was 
placed on a turn table with fine controllable angular motion 
so as to properly orient it vjith respect to the incident beaui 
to obtain (loTl) reflection of quartz which occurs at 
20 = 12.13°. The turn table was put on a mount with two 
X-Y controllable motions and with the help of these motions, 
the distance and position of the crystal were adjusted so 
as to foe-'' s the monochromatic beam at the crystal and at 
the same time make it coincident wit'T the zero of the 26 
arm. The die was supplied by Ch. Beaudouin, Paris; the 
other parts of the monochromator asse’ribly were designed and 
fabricated for this work. 

The reflected beam from the quartz crystal was cut 
off by a knife edge slit S-]_ of width 0.6 mm and height 2 mm, 
set at a distance of 35 mm from the monochromator. In order 
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to collimate the beam another slit S 2 width 0.5 rrum and 
height 2 mm was used at a distance of 75 mm from tjie first 
slit. In this v/ay .monochromatic Mok^ is ailovjed to impinge 
on the exDeriiaental crystni. The vertical and horizontal 
divergence oE the beani were 32' and 3.52' respectively. 

The beam dicfracted by t'-ie crystal is allowed to pass 
through a receiving slit S 3 of width 3 inm and height 3 mm 
placed in front of the detector wincbv/ and at a distance of 
144.5 mm from the experimental crystal. The detector unit 
was well s'^'iclded with lead sheets to av_dd pick up of any 
stray counts. A slcetch of the experimental arrangement is 
shown in fig. 2 . 1 . 

2 . B . 2 Intensity o f Diffuse Refle c tion 

through a Crys tal Plate 

If crystals are taken in plate forra and reflections 
at a glancing angle 0 are considered througn the crystal 
plate of thickness t from a set of planes nearly normal to 
its surface, the distance travelled in the crystal by the 
bciaa is the same and is equal to t sec© and hence the total 
volume of the crystal plate irradiated by fno incident 
bee. a of cross-section is Sot sec 6 (fig. 2 . 2 ) 

NV = S^t sec 0 
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Fig. 2. 1 Schematic arrangement of the experimental set up 
for studying diffuse X-ray scattering. 
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Fig. 2.2. Reflection through a crystal plate. 


where N is the number of unit cells con-hribut ing to diffuse 
reflection and V is the volume of the unit cell. If the 
mosaicity of the crystal plate is also taken into account 
and a counter collimator slit subtending a solid angle at 
tile crystal is used for measuring the reflection, equation 
(1.20) becomes (Jaines, 1967)^^^ 


‘■d 


: [Xj 


V' 


|q| 


K[uvw]^^ 2 ^ e~^^ ^^‘^^Sot sec 6 

( 2 . 1 ) 


where U is the linear absorption co-efficient of the crystal. 
Putting 


X ' u t s ec 9 

e^ 


S^t sec0 


Id t 


( 2 . 2 ) 


equation (2.1) becomes 


a 


1 



? 

e 'klQ 




K[uvw]j,,,-l 


(2.3) 


where I^j/Iq is the ratio of the intensity of I or-.ier diffuse 
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reflection (after applying absorption correction) per unit 
voluuie of the crystal to the intensity of the incident beam. 

TO determine the volume of the crystal immersed in 
tne X-ray beam, the area of cross-section Sq of the beain has 
been measured photographically. Several photographs perpen- 
dic'ular to the direction of the beaia were taken by placing 
tlie film at the axis of the diffractometer ■'where tlie 
experimental crystal is placed. These photographs were 
magnified thorough an accurately known aagnif is ation factor 
and the cross-section measured with the help of a travelling 
microscope. The mean value oE the width of the beam thus 
deterriined is 0.049 cm. since the hei.jht of the crystal 
plates Used was less them the height of the beam, the former 
v/as used to calculate the effective cross-section of the 
beam for calculating the iriTiiersed volume of the crystal. 

The height and the thickness of the pl-ites viere measured by 
travelling microscope. Hence knowing angle 0 for each 
reflection, the i'nmersed volume of the crystal can be 
calculated. This volume at Bragg angle for ail relps. which 
have heeii used to calculate tlie elastic constants is given 
in table A of Appendix II- 

For each relp., the observations of diffuse reflec- 
tions have been made on eitn-ir side of the coirres ponding 
Bragg reflection by mis-settlng the crystal from the Bragg 
position. The angles of mis-set have been kept small to 
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ensure that t'Te condition q; -*■ 0 is satisfied. For each 

ooservation ti.ae lias heen measured for 10,000 counts to 
obtain a counting accuracy of lb in tbj-e intensity raeas urernent. 
Tnosc inoasurements are givoji in Appendix II. 

2 . F . 3 Correction Factors 

Apart froia absorption, several other correction factors 
to the measured intensity of diffuse reflection .arise because 
of the experimental conditions employed. Thc-ise corrections 
rnast be applied bcfoiss using tno observed intensities for 
the calculation of elastic constants. These corrections 
are discussed in the follov;ing. 

D ivergence Corrections 

The finite size of the slits betv/ecn the crystal and 
the X-ray tube and also betvreen th^ crystal and the detector 
permits X-rays having a certain divergence to enter the 
detector and be cc>antod together. The experimental observa- 
tion does not, therefore, correspond to the intensity of 
diffuse reflection from a point in reciprocal space, but it 
corresponds to the effect integrated over a certain volume 
of reciprocal space. The divergence may be divided into 
three components denoted respectively by i, 9 and X diver- 
gence. The i divergence is tlie maxiiarun angle between the 
rays falling on the crystal when tney are projected on a 
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horizontal plane. The 6 and x divergences are the maximum 
angles betv/een the reflected rays projected on a horizontal 
and vertical plane respectively passing through the crystal 
and the detector. The magnitude of i, 6 ,X divergences are 
app coxiraately 4', 0.3°, 4° respectively in our set up. 

In order to apply i divergence correction, the detector 
and X positions are kept fixed. The intensity of the Bragg 
reflection n(i) 1=3 measured as a function of i' in the vicinity 
of the Bragg position 9g (Fig. 2.3(a)). Then the intensity 
of diffuse reflection D(i) is measured around the point say 
A, having departure 6 from the Bragg setting and at which 
diffuse reflection is being measured, as a function of i at 
an interval of 6i 'v o.02° to obtain the curve AB in fig. 2.3(b) 
D(i) varies s lov;ly with i but variation of B(i) is very fast 
in the neighbourhood of the Bragg setting 0g. The contribu- 
tion of Bragg reflection corresponding to the point A is 
reoresented by CD. The correction term a(io) for the i 

( 11) 

divergence is then given by 

A/2 , A/2 

Zdo) = J G( 6 ) D( 6 ) d 6 / J B( 6 ) d 6 
-A/2 ' -A/ 2 

where 

G( 6 ) = ("2 (D(io-r 6 ) +D(iQ- 6 )) - D{±^)) /D(±^) 

and it takes care of the asymmetry of the Bragg reflection 


about its centre. 
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-ig. 2.3(a) The curve corresponding to the variation 
of intensity across a Bragg reflection 



pg.2.3(b) The curve AB corresponding to the 

variation of intensity, D across the diffuse 
reflection. The curve CD is a copy, reduced 
to dn appropriate scale, of the Bragg 
reflection curve. 
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The evaluation of this correction factor has been done 
graphically. The observed diffuse intensity at any given Iq 
is multiplied by (l + Z(io)) to get the con'ected value. 

The analysis of 6 and X divergences is carried out in 
a similar manner. Finally all tne three correction terms 
are added together to give a final correction factor. 

Shew Correction 

During a survey of diffuse reflections, the angles of 
incidence (i) and reflection {^/ 2 ) are not equal. This gives 
rise to an important change in the intensity of diffuse 
reflection which is given by 

I , s in i . 

^d = % 5^5 (1 + sin(<() -i) ) i 

ij, is the observed diffuse intensity and ^{1 + ^ ) is 
^ sin(4>-i) 

called the skew correction factor. 

Polarization Correction 

X-rays reflected from a monochromatizing crystal are 
partially polarized. If p^ and are the amplitude components 
normal and parallel respectively to the plane of incidence, 
then the polarization factor is given by 

P = (p^^ + P2^ GOS^ 4> ) 
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If a represents the angle of reflection from the monochromator 
crystal, then for equatorial ref lections ^ 

1 + cos 2a cos % 

^ • 2 

1 + cos 2a 

Absorption Correction 

For the geometry of reflection described in sec. 2-B.2/ 
the absorption correction is e sec6^ This was so for relps. 
004, 400, 020 and 040. For relps. 031 and 301, the reflecting 
planes were not normal to the plate surface and so the above 
geometry of reflection is not applicable. In these two cases 
the absorption correction was applied by graphical method due 
to Albrecht. ^ 

The corrected intensity per unit volume of the crystal 
after applying the above mentioned corrections to the observed 

I ft 

intensity 1^^ is denoted by I^. 

General Scattering correction 

The general scattering always accompanies Bragg and 
diffuse reflections and includes Compton scattering, fluore- 
scent radiation and scattering due to optical waves. The 
intensity of the general scattering Ig varies very little 
over the region of the reciprocal space covering the reciprocal 
lattice point around which the observation is made. Its value 
is equal to the intercept on the I^ axis of the graph between 
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n o o 

against X C= 1/q ) . This value when subtracted from 
gives the value of (I+II order) for each observation. 

2 . B . 4 Evaluation of the Elasti c Constants 

Apart from and 1^, the evaluation of the thermal 
wave vector q is also required for the evaluation of 
elastic constants. 

Evaluation of the Wave Vector q 

For a particular direction of propagation of the 
tliermal wave, the value of the wave vector q (qP^, Q^2' QQi' 
etc. in fig. 2.4) and the corresponding angle for the 
diffuse reflection has been calculated trigonometrically by 
considering the geometrical position of the circle o£ reflec- 
tion (intersection of sphere of reflection with the plane 
of diffraction) in the reciprocal lattice net for a particular 
setting of the crystal. The position of the circle is 
completely determined by the knowledge of the correct orienta- 
tion of the crystal with resPect to the incident beam. 

From equation (2.3) it is evi-lent that the graph 

II o o 

between vs a particular lattice point 

and a direction of propagation of thermal wave would be a 
straight line having an intercept on the axis due to 

contribution of general scattering. This intercept %/lo 
is subtracted from to obtain which is the ratio 



200 

100 

0 


ig.2.4 A section of the reciprocal lattice plane 

a* of Ammonium Fluoberyllate. The figure 
shows the formatiom of (400) diffuse 
reflection. QPj.QPg and QQ, are the wave 
vectors of jhermal wave propagating along 
[OlO] 400 » [ I00]4QQ and [~l//2 , I/v/5,0]4qo 
directions respectively. 
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of diffuse intensity (I+II order) per unit volume to the 
incident intensity to ^ich all the corrections have been 
applied. This v/hen plotted against Passes through the 
origin. Prom the slope of tliis line the corresponding 
k[uvw]^^ 2 _ can be evaluated. These graphs of 1^/Z^ vs X 
have been drawn for ail the cases and are shown in Appendix II. 


Second Order Diffuse Reflection Correction 


The main contribution to diffuse intensity is due to 
first order reflection only. The ratio of second to first 
order diffuse reflection intensity as given by Ramachandran 
and Wooster (1951)^^^^ , Prasad and Wooster (1955) and 

Amoros and Amoros (19 68) is 




JL 

2 


KT Ixj^ |q| k[uvw]j^^j^ 


To apply second order diffuse reflection correction, 
k[uvw]j^^ 2. is first obtained from the intensity of diffuse 
reflection 1^^ (l+II order). This value of K is then used 
to calculate above equation, where a'^ is taken 

equal to i^. thus obtained is subtracted from I^ to 

obtain alone, which is then used to calculate the corrected 
value of elastic constants. Since these corrections are 
small in the crystal under study, further iterations for 
this correction were not found necessary. 
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2*B-5 Choice of Planes for Determination 

of the Elastic Constants 

The choice of planes for studying diffuse reflection is 
made such that the observed diffuse flux is as large as possible. 
The intensity of diffuse reflection in the first order depends 
directly on (eqn. 2.3) , i.e. Fji^/d^ where d is the 

soacing corresponding to a plane hkl. Therefore only those 
planes for which this quantity is large, are suitable for tlie 
determination of elastic constants. smaller 'd' will make 
the above quantity larger. But the theory on which the above 
method is based assumes that the amplitude of atomic vibrations 
is small as comoared to the lattice spacing. Ihe mean anpli- 
tude of atomic vibrations is of the order of 0.2 R (Lonsdale, 
1943) ^ ^ for most crystals. Therefore Planes having spacing 

larger than 1 a may be ass’umed to fulfil the above requirement 

1. e. in terms of angles, planes for wi-iich diffraction angles 

are larger than 4?° (for MoK ) will not be siiitable. Another 

a 

point to be considered is the polarization factor. For 
crystal reflected monochromatic beam, the polarization factor 
Eor reflections in equatorial plane is given by^^'^^ 

P = i + cos^ 2 a cos^ <^ 

1 + cos ^ 2 a 

where the symbols have the same meaning as explained in sec- 

2. D.3. 'When quartz (loll) plane is used for monochromatization. 



45 

then for diffraction angle of 30°/ the value of P is 0.8. 

For higher angles the intensity of diffuse reflection will 
be very much reduced due to this factor. Hence suitable 
planes v/hicn have diffraction angles larger than 30° (and 
less than 42°) can be used only if the value of their 
structure factor is quite high. Also for planes with large 
value of X (i.e. higher Bragg angle) intensity of second 
order diffuse reflection will be larger and an exact correc- 
tion on this account would also be necessary. For planes 
having low diffraction angles (say smaller than 10*^) the 
skew correction would be much different from unity and changes 
rapidly with angles/ therefore a slight mis-setting of the 
crystal may produce large errors. 

Keeping the above factors in mind, the choice of planes 
has been made for determining all the nine elastic constants 
of APB. Indices of tliese Planes along v/ith their structure 
factors are given in table 2.2. 
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Table 2,2 


Data corresponding to the Planes used for studying 
Diffuse X-ray Reflections 


Indices 



d in A 


Diffraction 
Angle in deg. 


Structure 

FactureCF 


) 


Planes 

Studied With 

100 

Axis 

vertical 


040 

1,477 



27,78 

55,43 

004 

2,608 



15,63 

72,94 

013 

2,997 



13,62 

42,13 

Planes 

Studied With 

010 

Axis 

Vertical 


004 

2,608 



15.63 

72,94 

301 

2,473 



16,52 

70,11 

400 

1,909 



21,41 

14,53 

Planes 

Studied With 

001 

Axis 

Vertical 


020 

2.954 



13.79 

53,68 

040 

1.477 



27,78 

55,43 


1 

t 

wmmmm 

mrnmmmm 
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3 . DETERMINATION AND DISCUSSION 
OF THE CRYSTAD STRUCTURE 


3,1 


Crystal Structure Determination 


As mentioned in sec. 2 . A the systematic absences in 
the intensity data collected photographically as ■well as on 
diffractometer indicate the space group to be Pnma or Pn2]_a, 

Prom the consideration of ionic sizes of S 0 ^“ and BeFj“/ one can 
expect the BeF4 group to have about the same size and shape 
as the SO4 group^ 39 ). <phe crystals of (NH4) 2BeF4 are also 
expected to be isomorphous with (1^4)2304 which belong 

to space group Pnma at room temperature. Hence the same space 
group (Pnma) was assumed for (NH4)2BeF4. This was later 
confirmed by statistical tests on normalized structure 
factors using the programme MORMSF and by satisfactory 
refinement of the crystal structure. 

An overall isotropic temperature factor of 2.374 
and scale factor of 0.26 were obtained from a least squares 
fitted Wilson^"^^^ plot. The trial parameters for N, Be and 
F were taken to be same as for N, s, 0 in (NH^)2S0^ from 
Singh ( 1962 )^*^^ . A fourier synthesis using these parameters 
showed clearly the well defined peaks of -tbe above atoms. 
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The refinement of the structure was performed on the CDC 6400 

computer at Mcl'fester University Computer Centre using locally 

( 4 2 )- 

written full matrix least squares programme CQDLS * None 

of the reflections seeras to be affected by extinction and 

hence extinction correction was not applied. The atomic 

scattering factors for N, Be, P corrected for anomalous 

dispersion were taken from international tables for 

refinement in the initial stages. These were also computed 

(44) 

from more accurate numerical Hartree-Fock wave functions 
and Used in the later course of refinement. 

The least squares refinement with isotropic tempera- 
ture factor converged at R = 0.141. At this stage the 
anisotropic temperature factors subject to restrictions 
imposed by symmetry were introduced. After each 

refinement cycle the geometry of the structure was checked 
for its stereochemistry. The refinement v/as stopped when 
die shift in each Parameter was less than a quarter of the 
corresponding standard deviation. R at this stage was 0.064. 
Y projection of the unit ceil without H positions is shown 
in fig. 3.1(a). A three dimensional difference fourier 
synthesis calculated with the final parameters of N, Be, P 
showed small peaks at the expected H positions. If the 
correct space group were Pn 23 _a/ instead of Pnma, one would 
expect an unusual elongation of the hydrogens along b axis 
in the above difference map, but no such elongation was 
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observed thus further asserting the coixectness of the space 

group Pnma. The H positions were assigned the anisotropic 

temperature factors of the atoms to which tliey are bound. 

The refinement of the structure with H-positions also included 

was done at ITT Kanpur on IBM 7044 computer using the least 
^ . ( 46 '^ 

squares refineraent px-ogramme ORPhS . After three cycles 
of refinement a final R = 0.049 and weighted R = 0.044 were 
obtained. The weight u) given to a reflection was equal to 
l/a'^ where <t is its standard deviation. At this stage the 
shift in each parameter was less than the corresponding 
standard deviation, the maximum and the average shift being 
0.17 0 and 0.020 respectively. Y-projection of the unit cell 
with H positions included is shown in fig. 3.1(b). 

The final atomic parameters and their standard devia- 
tions are listed in tables 3.1(a) and 3.1(b) respectively. 

The observed and calculated structure factors are listed in 
table 3.2. 

3 . 2 D iscussion of the Crystal Structure 

3.2.1 General Structural Features 

Symmetry operations of the space group Pnma are shown 
in fig. 3.2. The multiplicity of the general position in 
this space group is eight and there are four formula units 
per unit cell, both the nitrogen atoms, the beryllium atcm, 
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a 


Fig. 3 . Kb) An XZ projection of a unit cell of (NH4)2BeF4 
Broken lines indicate hydrogen ^bonds 

” 65923 
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Tsble 3 • 1 Cd) 


Positional parameters for (NH ) BeF with 

4 2 4 

standard deviations in parentheses 


Atom 

X/a 

Y/b 

Z/c 

MCI) 

0,1804(6) 

0,25 

0,0968(4) 

MC2) 

0,4687(6) 

0,25 

0,8059(4) 

Be 

0,2466(7) 

0,25 

0.4180(5) 

FCl) 

0.0502(4) 

0,25 

0.3933(3) 

FC2) 

0,2856(4) 

0.25 

0,5620(3) 

FC3) 

0.3278(3) 

0,0365(3) 

0,3588(2) 

HCl) 

0,288(7) 

0,25 

0,108(4) 

HC2) 

0,109(7) 

0.25 

0,156(5) 

HCi) 

0,167(4) 

0,115(5) 

0,048(3) 

HC4) 

0,491(7) 

0,25 

0,739(5) 

HC5) 

0,547(7) 

0.25 

0,856(5) 

HC6) 

0,392(4) 

0.115(5) 

0,823(3) 




Table 3.1Cb) 

2 

Anisotropic temperature factors xlO with standard 
deviations in parentheses 




Atom 

B 

B 

B 

B 

B 

B 


11 

22 

33 

12 

13 

23 

m mmmm 


ft 

1 

ft 

1 

MV fWP MIt w i« ww IW pt liP iP w Ip 

nil) 

0,82(7) 

1,74(12) 

0.78(4) 

0,0 

0,05(5) 

0,0 

N(2) 

1.14(7) 

1,97(13) 

0.44(3) 

0.0 

0,02(5) 

0.0 

Be 

0,60(8) 

1,55(16) 

0,50(5) 

0,0 

0,03(4) 

0,0 

FCl) 

0,83(5) 

3,81(13) 

1.52(5) 

0,0 

•0,24(4) 

0,0 

F(2) 

2.10(7) 

3.79(12) 

0.49(2) 

0,0 

•0,13(3) 

0.0 

FC3) 

1,69(4) 

2,11(6) 

1,21(2) 

0,21(5) 

0,24(3) 

•0,62(3) 

murnwmm 

mmmmmmmmm 



rnmmmmmmmmm 

PI IP ftep «p fp w IP PS 
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Table 3,2 


Observed and Calculated structure Factors for (NH ) BeF 

4 2 4 

( ♦ indicates the unobserved reflection ) 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

I 

1 

1 

1 

1 

i 


0 

0 

0 

0 


2 

4 

6 

8 


0 10 
X 1 


I 

I 

I 

I 

t 

1 

2 
2 
2 
2 
2 
2 
2 
3 
3 


3 

3 

4 
4 
4 
4 
4 

4 

5 
5 
5 
5 

5 

6 
6 
6 
6 

I 

7 

7 

7 

0 

0 

0 


3 

5 

7 
9 

11 
13 

0 

2 

4 

6 

8 

10 

12 


5 

7 
9 

11 

0 

2 

4 

6 

8 

10 


5 

7 
9 
0 
2 

4 

6 

8 
1 
3 

5 
1 
2 
3 


o 

c 



wmm mmm 

^ MK W «» OT W « 

0 

l» flW wilt «« wtti 

c 

F 

F 

h 

k. 

-L 

F 

F 

10,05 

10,00 

1 

0 

7 

'”^9 1 55*' 

9.57 

73,63 

72,94 

1 

0 

8 

8*11 

8,39 


11,32 

1 

0 

9 

3,29 

4,25 

6,81 

1 

0 

10 

5,02 

6,08 

1.11 

0,80* 

1 

0 

11 

5.29 

5.91 

13,46 

12,37 

1 

0 

12 

2,28 

0,90 

42,49 

42,13 

1 

0 

13 

3,27 

3,96 

22.10 

20^38 

1 

1 

1 

26,82 

24,90 

27,33 

26.91 

1 

1 

2 

1,72 

3,69» 

2,21 

3.22 

1 

1 

3 

5.96 

5,93 

2,65 

2,63 

1 

1 

4 

27.10 

27,42 

6,74 

6,30 

1 

1 

5 

8,01 

7,89 

54.06 

53^8 

1 

1 

6 

I0l03 

9,84 

24,05 

22,40 

1 

1 

7 

7,42 

7,53^ 

4 • 66 

3,68 

1 

1 

8 

1132 

1,88* 

31,70 

31,62 

1 

1 

9 

10. ?9 

10*67 

20.63 

20.92 

1 

1 

10 

2,45 

2,12* 

10,25 

10,53 

1 

1 

11 

3,59 

3,53 

2,68 

2.64 

1 

1 

12 

4*91 

3,29 

16.32 

15,35 

1 

1 

13 

4,33 

3^91 

12,94 

12,79 

1 

2 

1 

25,42 

25 • 45 

5,64 

^4,83 

1 

2 

2 

50.02 

§9.09 

21.03 

20.15 

1 

2 

3 

33,93 

32,91 

4,03 

5,01 

1 

2 

4 

9,08 

8*71^ 

3155 

3^47 

1 

2 

5 

1.82 

oli^* 

55,48 

55,43 

1 

2 

6 

8,84 

Bl93 

5,98 

5,68 

1 

2 

7 

5,43 

5,21 

24,06 

23.20 

1 

2 

8 

6,54 

6,84 

9,93 

10;46 

1 

2 

9 

3118 

3,64 

1,89 

2,09 

1 

2 

10 

1,47 

1.07* 

3.52 

3,34 

1 

2 

11 


0.75* 

JI«47 

16.13 

J3.27 

15l84 

1 

1 

2 

2 

12 

13 

4,46 

1 ,01 

i:lt> 

11,98 

13,08 

1 

3 

1 

2.25 

>i:4i 

9,73 

9^26 

1 

3 

2 

23.58 

3,79 

3,51 

1 

3 

3 

23.01 

15,48 

15,38 

1 

3 

4 

9,46 

9,41 

0,25 

1,64» 

1 

3 

5 

4,38 

3,67 

3,28 

2,75 

1 

3 

6 

10,81 

10,04 

4,65 

4,01 

1 

3 

7 

14,61 

iS,05 

6,02 

6117 

1 

3 

8 

3,74 

3,53 

4,23 

4,40 

1 

3 

9 

4.95 

4,73^ 

3,17 

3.05* 

1 

3 

1-9 

2.43 


5,39 

5^03 

1 

3 

12 

3,48 

3.87 

1*88 

1,79 

1 

4 

i 

0,61 

0^58* 

28,10 

26^95 

1 

4 

2 

6,93 

6,29 

9,55 

11.19 

1 

4 

3 

4,64 

3,80 

44*83 

45.29 

9,99 

1 

1 

4 

4 

4 

5 

i:il 


26,43 

25,98 

1 

4 

6 

8.66 

8,87 






i • 

, .Contd, 
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Table 3,2 contd, 


F 


7 

8 
9 

10 

11 

3 

4 

5 

5 

9 

10 


3 

4 

5 
b 
8 
1 
2 

3 

4 

5 
0 
1 


2,99 
2,28 
l.OJ 
3,2( 
2.46 

12.91 
6,10 
6,86 
7,85 

3.44 

1.38 
2,57 

4.39 

2*50 

l:li 

3.89 

1,73 

2,00 

0,95 

3.40 
1,66 
^•28 

} 

30.91 
13,81 
18,77 
29,03 

I ’ol 

3,28 

1:°^ 

1,39 

4,36 

15.74 
10*05 

21.75 
12,55 
13,05 
10,36 

2,79 

8.45 

4,92 

4,23 

^ f 4? T 

19,19 

46.74 



3.79 

1,604 

0,644 

2^92 

2.57 
12.65 

6,52 

7.23 

8.58 
3,33 
0,274 
2,61 
4,76 
0,394 
2,334 

3.83 
1.96 
3,88 

1.23 
2,30 
0,684 
2,45 
11444 

5.84 
1,484 
0;504 

36,07 

32*,19’^ 

28^34 

10.63 

0.854 

14,01 

10,61 

1,62 

3,95 

1,51 

4,54 

16136 

10.35 

21,03 

12,31 

I 2 I 74 

10,40 

1.84 
7,92 

i-J? 

till. 

3.69 

19,49 

45,97 

29190 

12,56 


2 

2 

2 

2 


2 

2 

2 

2 

1 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 

2 


2 

2 

2 

2 

2 

2 

2 

2 

2 

1 

2 
2 
2 
2 
2 
2 
2 
3 
3 


3 

3 


2 

2 

2 

2 

2 

2 

2 

3 

3 

3 

3 

3 

I 

3 

3 

3 

3 

3 

4 
4 
4 
4 
4 
4 
4 
4 
4 
4 
4 

4 

5 
5 
5 
5 
5 
5 
5 
5 

5 

6 
6 
6 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
0 
0 
0 
0 


6 

7 

8 
9 

10 

ll 

0 

1 

2 

3 

4 

5 


8 

9 

11 

12 

0 

1 

2 

3 

4 

5 


8 

9 

10 

11 

0 

1 

2 

3 

4 

5 

6 
8 
9 
0 
1 
2 

3 

4 

5 

6 

7 

8 
0 


3 

4 
1 
2 


5 

6 


20,45 

20.60 

5^89 

5.67 

9131 

9,79 

1,72 

1^28* 

ll88 

2.&1! 

0,59 

0,35* 

4^32 

4,38 

24.69 

24,96 

4,12 

2,93 

1,80 

3,05* 

13169 

13,91 

21.74 

21,71 

1,54 

1*24 

1,92 

2,20 

1^96 


8,12 

8^59 

7,56 

7,11 

4,05 

4*57 

1,68 

1,55 

10,68 

10.34 

2.49 

1,84 

11.42 

11,38 

3.96 

3.83 

7,29 

7,67 

7^12 

7,61 

7173 

7.94^ 

1,52 

0,14i 

0,84 

0^12* 

bln 

6,28 

4,64 

3,58 

0,80 

0l20» 

8107 

8,07 

10^13 

10.19 

3,60 

1:74 


2,59 

3,01 

5,92 

7,07 

6,49 

7.24 

ll67 

0*4|» 

2120 

2, 474 

1.36 

0,65* 

5149 

5*16 

5!o7 

5^48 

5,87 

6^22^ 

0,80 

0,20* 

0,74 

0.40* 

sjis 

4,83 

3169 

3,00 

2l85 

J*7|» 

6,97 

ll64 

t:ih 

1,28 


1*44 

0,54 

6.43 

,5*89 

70^37 

70,11 

27*93 

28,07 

42.22 


{\:U 

10,39 

17.38 

4,01 

4,25 

« t 
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Table 3,2 contd, 


ic 1 


0 10 
0 11 
0 12 
1 1 


I 11 
1 12 


2 10 
2 11 

i 


2.75 

un 

o:li 

I. 67 
6,78 

5,69 

6,23 

8.88 

19,44 

1l 2l f 4 1 

ifii 

1,66 

10,24 

25,18 

13,11 

3,26 

ilao 

2,32 

20,62 

0,86 

0,81 

1.14 
6,98 

1:11 

'I:i5 

i?*?5 

4.14 
6,23 
9,49 
8,55 

2II05 

2i:if 

13^24 

kll 

0,34 

3fl4 

12,64 

0,24 

1,86 

2,60 

II. 45 

5I04 

0,34 

2,75 


2,36 

4,20 

0.52 

0,99» 

0,70* 

6127 

17,14 

4,88 

6,51 

9 U 1 

18,88 

12,50 

3,04 

9^48 

3.35 
1,32» 
1,23* 

10,04 

24,44 

11,75 

3,96 

1,80 

20.56 
0,60* 
0,06* 
0,49* 
6.15 

hir 

‘h?? 

HiU 

hlh 

1,74 

0,95* 

20,84 

6^62 

13.56 

i:Sr 

2,31* 

0 , 68 * 

l:W 

0.28* 

3119 

13.35 

0,74* 

2Ui 

1,45* 

3,24 


3 

6 

1 

4,26 

4,56 

3 

6 


2,62 

3,55* 

3 

6 

1 

3^23 

2^30^ 

3 

6 

4 

1*43 

1 * 2 i j 

3 

6 

5 

1,06 

0176* 

3 

6 

7 

3^7 

3l44 

3 

7 

1 

2^00 

1,37 

3 

7 

2 

4^42 

3^72 

4 

0 

0 

I3l62 

14,53 

4 

0 

i 

31^84 

31134 

4 

0 

2 


5,41 

4 

0 

3 

0,81 

0,56* 

4 

0 

4 

5^47 

5,38 

4 

0 

5 

30^2 

29,68 

4 

0 

6 

loJSs 

10,43 

4 

0 

7 

2^2 

0,92 

4 

0 

8 

U,90 

12^08 

4 

0 

9 

6*84 

6*76 

4 

0 

10 

iUi 

3,17 

4 

0 

11 

3,39 

3,36^ 

4 

0 

12 

3,28 

,1,84* 

4 

1 

0 

15,92 

14,85 

4 

1 

1 

9^40 

9,06 

4 

1 

2 

10,73 

I0II6 

4 

1 

3 

3,76 

3,07 

4 

1 

4 

9^52 

^•9§ 

4 

1 

5 

1,70 

0,79 

4 

1 

6 

3198 

2.48 

4 

1 

7 

6,49 


4 

1 

8 

0^59 


4 

1 

9 

oiss 

0,20* 

4 

1 

10 

7,49 

7,46 

4 

1 

11 

0.15 

0,40* 

4 

1 

12 

1^04 

0,45* 

4 

2 

0 

30172 

31,33 

4 

2 

1 

11,33 

11,18 

4 

2 

2 

3,24 

2,5i 

4 

2 

3 

16*97 

17^07 

4 


4 

9^36 

8,80 

4 


5 

3,75 

3,51 

4 

2 

6 

5,70 

5^54 

4 

2 

8 

5,21 

5*08 

4 

2 

9 

4l84 

5,02 

4 

2 

10 

2,30 

1^23* 

4 


11 

4,31 

4,54 

4 

3 

0 

7,12 

6,86^ 

4 

3 

1 

ll36 

0135* 

4 

3 

2 

11,05 

11,02 

4 

3 

3 

6ll9 

6,64 

4 

3 

4 

4,47 

4,78 

4 

3 

5 

4,19 

3,83 

4 

3 

6 

7,78 

8*37 

4 

3 

7 

5^23 

5,8L 

4 

3 

8 

1^78 

i*9F 

4 

3 

9 

2104 

2,43 

4 

3 

10 

3139 

2,69 

4 

3 

11 

0,93 

1.02* 

4 

4 

0 

9,98 

10,46 

4 

4 

1 

8,90 

8,99 

4 

4 

2 

0,48 

1,35* 
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Table 3,2 cobtd , 


h k 


0 11 
1 I 


1 ii 

2 1 


2 8 
2 9 

2 10 
2 a 


0,36 

0 , 55 * 

0,83 

0 : 66 * 

10, u 

10:44 

3.54 

3,43 

1.73 

0 , 60 * 

6,84 

6,50 

4,14 

2,74 

0,50 

1 , 44 * 

8,08 

9,63 

5.25 

4,97 

0,73 

0 : 79 * 

0,10 

0 , 98 * 

6.62 

6,54 

3,12 

3:09 

3,46 

3:33 

1,24 

2 , 45 * 

2,58 

2,25 

5,82 

5:58 

1.56 

0 , 12 * 

1,04 

0 , 96 * 

5,80 

5,23 

0,61 

0 : 88 * 

1,00 

1 , 31 * 

2,12 

2 , 52 * 

5,86 

^ 6,29 

22,55 

22:02 

6:32 

6:52 

6,55 

6.87 

7,30 

7.07 

A 41 Jn 

10,46 

4:90 

4,56 

3,24 

2,28 

a, 80 

12,20 

2,55 

3 : 43 * 

3:70 

3:57 

2.96 

2,74 

18,64 

19:26 

4.60 

4:22 

4,41 


9,17 

9.00 

20,42 

20:40 

4:51 

5,01 

6:09 

6,32 

1,37 

2,07 

0,39 

2 : 07 * 

1 1 2 1 


3,33 

1,96 

2,06 

2 , 29 * 

30,09 

30,27 

13,21 

12:83 

1,64 

0 , 71 * 

6:75 

6,98 

8,98 

9:74 

7:93 

8:46 

4,49 

5:17 

1.10 

0 , 35 * 

1 t 

9 * 17 ! 

0,47 

0 , 28 * 

1 B . 1 S 

18:25 

2,62 

2,78 


5 

3 

3 

6,23 

5,98 

5 

3 

4 

1:90 

2 . 77 * 

5 

3 

5 

15:26 

16 , 26 ^ 

5 

3 

6 

1:40 

1 , 34 * 

5 

3 

7 

0:57 

0 : 74 * 

5 

3 

8 

4,88 


5 

3 

9 

i : i5 

0 :^ 5 * 

5 

3 

10 

asi 


5 

4 

1 

8:34 

8:48 

5 

4 

2 

6,22 

6*41 

5 

4 

3 

1:47 

1 , 57 * 

5 

4 

4 

1.02 

1 , 43 * 

5 

4 

5 

7:10 

7 : 16 ^ 

5 

4 

6 

2.05 

1 , 93 * 

5 

4 

8 

5:46 

5 : 33 ^ 

5 

5 

1 

2:91 

3 , 14 * 

5 

5 

2 

5:90 

6,32 

5 

5 

3 

5:46 

sllQ * 

5 

5 

4 

3:99 

4:75 

5 

5 

5 

7.31 

7 , 25 * 

5 

5 

6 

2,99 

2,61 

5 

5 

7 

4:75 

4:84 

5 

6 

1 

0,54 

1,34 

5 

6 

2 

7 : i6 

6.27 

5 

6 

3 

1.39 

1,68 

5 

6 


1:53 


5 

6 


1:79 

1,92 

6 

0 

0 

14,65 

14.87 

6 

0 

1 

12,94 

12,47 

6 

0 


5,36 


6 

0 


13:81 

13:87 

6 

0 

4 

9.09 

9.02 

6 

0 

5 

6,14 

6,87 

6 

0 

6 

7,02 

7:07 

6 

0 

7 

3,32 

2:96 

6 

0 

8 

3:65 

4,34 

6 

0 

9 

6:89 

6:39 

6 

1 

0 

2:47 


6 

1 

1 

0:91 

o : o4 * 

6 

1 

2 

3.66 

3:37 

6 

1 

3 

2,80 

2*13 

6 

1 

4 

8:78 


6 

1 

5 

o:98 

1 . 29 * 

6 

1 

6 

4,52 

4 , 60 ^ 

6 

1 

7 

o : i4 

0 , 53 * 

6 

1 

8 

7,87 


6 

1 

9 

o : 6o 

1 , 81 * 

6 

1 

10 

3.12 

2 , 05 * 

6 

2 

0 

13,16 

13:31 

6 

2 

1 

15:10 

15:76 

6 

2 

2 

0:83 

1 , 14 * 

6 


3 

11,31 

12,06 

6 


4 

10:21 

10.72 

6 

2 

5 

i : i4 

0 . 93 * 

6 

2 

7 

0:26 

0 , 08 * 

6 

2 

8 

2,91 

2,86 

6 

2 

9 

4:73 

4:29 

6 

2 

10 

3:38 

3:39 

6 

3 

1 

8:05 

8 , 50 ^ 

6 

3 

2 

1,10 

2 , 01 * 
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Table 3,2 contd. 


F 


2,13 

6,19 

4.91 
1,88 
2,94 
5,55 
0,64 
5,30 
6,60 
2,26 

5.68 
3,36 
2,28 
1,12 

1.44 

3.10 

3.39 

2.85 

1.40 
3,57 

3.86 
2,97 

4.73 

2.24 

2.40 

5.12 
10,73 

4l?8 

4,09 

3.91 

kU 

kU 

2*27 

6.73 

0,92 

7.13 

4.11 
0.41 

5.69 
2,43 
0,47 

6.45 

3.25 

2.8| 


1.94 

6.96 
5140 
2,b2* 
2*06 
5jl9 
lIO04 

4.96 
6,71 
2,49^ 
5,77 
3,66 
2,89* 
2 , 00 * 
0 ^ 56 

2:54 

2 * 5 I* 

2*32* 

3,01 

4.07 

3,22* 

4,36 

1,47* 

2.19 

iijoo 

5^42 

10*93 

4,42 

3,23 

4*43 

4,41 

3^69 

hti 
0,02 
4.60 
0,52* 
6158 
0,78* 
0,70* 
*98* 
l69 
4,05 
0,70* 

5.95 
1 , 66 * 
0,33* 

1*11 

3 ,65 

6l66 

3,12 
2,29 


I 


7 

7 

7 

7 

7 


7 

7 

8 
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B 
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8 
8 
8 
8 
8 
8 
8 
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8 
8 
8 
8 
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8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 


3 

4 
4 
4 
4 
4 

4 

5 
5 
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0 
0 
0 
0 
0 
0 
0 
1 
1 
1 
1 


2 

2 

2 

2 

3 

3 

3 

3 

3 

I 

4 
4 
4 
0 
0 
0 
0 


8 

1 

2 

3 

4 

5 

6 
2 
3 
0 
1 
2 

3 

4 

5 

7 

8 
0 


3 

4 

5 

6 
7 


3 

5 

6 
7 
0 
2 

3 

4 

5 

6 
0 
1 
2 
3 
2 

3 

4 

5 


} I 


0,63 

0,59 

2^81 

1 I 08 

5^96 

2,73 

lU? 

4,46 

2^09 

11,60 

0,54 

0^24 

2 I 93 

8l35 

0,58 

0l88 

3*30 

3^9 

6 , 26 
3*66 

3,03 

5»I0 

3,67 

7.19 
0^95 
1,71 
4,76 
7*22 

2.19 
5,38 
4j04 


2 

2 


3 

4 

5 

I 


4 ! 


1 , 20 * 

0,25* 

2^79* 

1,30* 

6,01 

2,01^ 

0,29* 

3.76 
ll39* 

12,57 

0.75* 

0 , 10 * 

2^55* 

sUs 

l!lO* 

0l05* 

3.39 
3,05 

4.76 
6,31 
3,81 

2.39 

3.39 
5,17 
3,12 
7,20 

iji?* 

1,92 

4^09 

2^71* 

1^36* 

4.58 
3^59 
1 , 86 * 
4^24 
0,41* 
2,54* 

1^94* 
o;o6* 
1137* 
6,52 
2,15* 
3,84 
0^49* 
3,92^ 
0,99* 
1 I 26 * 
1 , 06 * 

8 , , 

3.59 
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Space group No. 62 Pnma (02^^) 



Origin at I 

Fig. 3.2 Symmetry elements for space 
group Pnma. 
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two of the three syinmetrically independent fluorine a tons 
and four of the six symmetrically inOependent hydrogen atoms 
lie on the mirror plane at y = 1/4 (position 4C : x, / 

' 2 + 2 / ^ ~ " The remain! 

atoms occupy general position (position 8d: x, y, 2; 

1 1 1 - 1 - 1 - 1 
2 + 2 


-3-1 

X, 4, 2 ; 2 ~ ^ 


z; 


y, 2 - 27 X/ — + y, z; j - X, y, 2 


1 


4 - X, 2 + Y' 2+2' 2 ~ 


1 

2 


z; + X, y, ^ - z) . 


1 

2 


Table 3 . 3 (a) gives the bond length and bond angles in 

BeFT” ion showing fairly regular tetrahedral co-ordination. 

4 : 

The iiiean Be-F bond length and the mean F-Be-F bond angle is 

1.531(5) A and 109. 5° (3) respectively. When this Ee-F 

(47) • • 

distance was compared with other crystals containing 

BeF, ions (table 3.3(a)), it was found that this distance was 

shorter by at least 0.02 £. A rough estimate of the 

shortening of Be-F bond due to the libration of BeF^ about 

y-axis accounted for the above discrepancy. The libration 

of BeF ion was calculated from the radial and tangential 
4 

com'')onents of the mean square vibration amplitude at each 
fluorine atom in a manner similar to that done by Cruickshank 
for anthracene and benzene^^^ . A more rigorous treatment 
accounting for the foreshortening of each Be-F bond length 
in B6F7*" ion is S^^on in th.0 f ollowino sGCtion 3. 2% 2* 

fr 

Tables 3.3(b) and 3 -3(c) show that NH 4 tetrahedra are 
somewhat distorted and have large variation in the value of 



TdblP 3,3Ca) 


0 

interatoroic DistancesCA ) and Anql es (deo, ) In BeP’ 


^Jume^a^s 1 and 7 In front of aton symbols indicate symmetry 
Dosltions x,y,z and x,l/2-y,z respectively 


o 

p:nvi ronirent of He within a radius of J.O A 



Uncorrected for 
Llbration 

Corrected 

Libration 

lRe-lP (1) 

1.522(6) 

1 .546 

-tFf2) 

1.531(0) 

1 ,560 

-1F(3) 

1 .535(41 

1 ,559 

-7F(3) 

1.535(4) 

1.559 

i^ean we-F 

1.531(5) 

1.556 

tF(l)-trte-lF(2) 

111.0(4) 


■ 1 Be “IP' (33 

109,3(2) 


-ltje-7F(33 

109,3(2) 


1F(23-lBe-tFC3) 

108,4(2) 


-1 8e-7FC3) 

108.4(2) 


1F(33-lBe-7FC33 

110.5(3) 



for 


Mean”He-F*'distance in other compounds containing 

0 


Ha LKBeF 

3 4 2 

WH LiBftF, 

4 4 

CSijiBeF 


1,55?(3)A 
1*60 
1.65 



Table 3, 3(b) 


Numerals 1 and 7 in front of atom symbols indicate symmetry 
positions x,y,z and x,l/2»y»z respectively 

0 

Environment of N(l) within a radius of 3,0i A 


1NC13-1H(1) 

0,83(5) 

-iH(2) 

0,83(5) 

-1HC3) 

0,95(3) 

-7HC3) 

0,95(3) 

1H(U-IN(1)-1HC2) 

123(4) 

-1HC3) 

101(3) 

-7H(3) 

101(3) 

1HC2)-1N(1)-IH(3) 

109(2) 

-7H(3) 

109(2) 

1HC3)-1N(1)-7HC33 

114(3) 


lN(l)-r (2) (1/2-Xr-y #55-1^2) 

2,987(1) 

-F(2)(l/2«x,l-y,z-l/2) 

2,987(1) 

-F(3)(X-l/2,l/2-y,l/2-z) 

3,009(5) 

•F(3)(X-l/2,y,l/2-z) 

3.009(5) 

•FC3) (l/2»x,»Y,Z-l/2) 

3.005(4) 

-F(33(l/2«x,l/2+y,X-l/2) 

3,005(4) 

-F(l)(l/2+x,l/2*y, 1/2-2) 

2.826(6) 
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Table 3,3Cci 


Numerals 1 and 7 in front of atom symbols indicate symmetry 
positions x,yfZ and x,l/2«y»z respectively 

Environment of N(2) uritnin a radius of 3,0J 


IN(2)-1HC4) 

0,72(6) 

-1HC5) 

0,79(5) 

-IH(6) 

1,01(3) 

-7HC6) 

1,01(3) 

1H(4)-1N(2)-IHC5) 

117(5) 

-1H(6) 

108(3) 

-7HC6) 

108(3) 

IH(5)-INC2)-1HC6) 

109(3) 

-7H(6) 

109(3) 

IHC6)-INC2)-7H€6) 

105(2) 


lN(2)-F(2)(l/2+x,l/2-y,3/2-z) 

2.785(5) 

-F(2)(X,y,») 

2.903(5) 

-FC'3)(l/2-X,-y,l/2+«) 

2.880(4) 

-F(3)(l/2-X,l/2+y,l/2-^z) 

2,880(4) 

•F(3)(l-x,l/2ty,l-z) 

2,869(4) 

-F(3)(l«x,-y,l-z) 

2,869(4) 

lN(2)-F(l)(l/2-X,-yrl/2+») 

3,094(2) 

-F(i)(l/2-x,l-yil/2+Z) 

3,094(2) 
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N-H distances and H-N-H angles. In and (NH^ 

tetrahedra the mean value of N-H distances are 0.89(4) A 
and 0-38(4) R respectively and the inean value of H-N-H 
angle is 109^(3) in each case. Based on the neutron diffrac- 
tion analysis of (nh^) 2S0^, Schlemper and Hamilton 
have for the room temperature phase reported the mean N-H 
distance as 0.97(1) and H-H-H angle 109'^ ( 1) . 

The two symmetrically independent nitrogen atoms of 
the unit cell have somewhat different surroundings. Within 
a sphere of radius 3.01 S/ N(l) has seven and N(2) has six 
fluorine atoms with an average N(l)-F distance of 2.975(4)£ 
and N(2)-P of 2.864(4) R. The van der Waals contact length 
between N-F atoms is 2.35 R. Around N(l) only one fluorine 
F(1) is at a distance less than 2. 9 £ whereas all the six 
fluorines around N(2) lie within 2.9 £. If a sphere of 
radius 3.1 A is considered, two more fluorines can be added 
around N(2) but none around N(l) . The average N(2)-F 
distance tlien becomes 2.922(4) £. The environment of N(l) 
and N(2) within a radius of 3.01 R has also been shown in 
tables 3.3(b) and 3.3(c) respectively. 

In table 3.4, H...F distances less than 2.6 a along 
with the corresponding N-H...F bond angles are given. The 
hydrogen bonding scheme is shown by dotted lines in fig. 

3.1 (b). Each NH^" tetrahedron is bonded to its neighbouring 
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Table 3,4 
Hydrogen Bonds 


FCl)"HCU 

2.01(5) A° 

FC1),,.HC1)-N(l) 

17l(4)‘ 

-HC2) 

2.51(5) 

H(2)-NCi) 

149(4) 

-HC6) 

2,32(3) 

HC6)-H<2) 

133(2) 

*HC6) 

2,32(3) 

HC6)*N(2) 

133(2) 

FC2)-HC4) 

2,43(5) 

F(2).,,HC4)-M(2) 

126(5) 

-HC5) 

2,01(5) 

H(5)-N(2) 

164(5) 

-HC3) 

2,19(3) 

H(3)-N(l) 

141(2) 

•HC3) 

2,19(3) 

HC3)-N(l) 

141(2) 

F(3)-HC2) 

2,49(4) 

F(3),..H(2)^H(1) 

122(3) 

-HC3) 

2.17(3) 

H(3)-N(l) 

146(2) 

-HC43 

2,41(4) 

H(4}^N(2) 

123(3) 

-H(6) 

1,93(3) 

H(6)-N(2) 

155(3) 

F(3)-HC23 

2,49(4) 

F(3),,,HC2)-N(1) 

122(3) 

•HC33 

2.17(3) 

HC3)*N(i) 

146(2) 

-H(4) 

2,41(4) 

H(4)^N(2) 

123(3) 

■•HC6) 

1.93(3) 

H(6)*N(2) 

155(3) 
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BeF^ tetrahedra by eight hydrogen bonds. If H...P distances 
less dian 2.01 £ are considered, then (NH 4 )j is strongly 
hydrogen bonded to its neighbouring BeF^ tetrahedra by one 
(2.01(5) £) and (iBij) by three (1.93(3), 1-93(3), 2.01(5 )a) 
hydrogen bonds. The corresponding distances in (NH^) ^30^ 
are 1.97 £ and 2.05, 2.05, 1.85 A respectively. 


The difference in the surroundings of N(l) and N(2) 
and the hydrogen bonding of (nH^ ^ and (NH^) to its 
neighbouring BeF^~ tetrahedra indicates different inter- 
ionic interactions involving (NH^) ^ and (NH^)^^-. One of 
the implications of this is that it should lead to the 
observation of their individual and separate bands in the 
Raman spectrum of aFB. This has been experimentally 


observed in the Rarnan spectrum investigations 


(52) 


of a 


single crystal of AFB. similar results have also been 

(53) 

observed in (NH^) 2^04 


3.2.2 Interpretation of Thermal Motion 

Table 3 . 1 (b) gives the anisotropic temperature factors 
for each atom. Lengths and directions of principal axes of 
the thermal ellipsoids for different atoms are depicted in 
table 3.5. A careful study of these tables indicates a 
large anisotropy in the thermal motion of fluorine atoms as 
compared to other atoms. Therefore an interpretation of 
anisotropic temperature factors in terms of libra tional motion 
of BeF 4 ~ has been attenpted. 
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Table 3,5 

The thermal ellipsoids 

q :r,m,s, thermal-vibration parameters for 
tor the three principal axes of the 
ellipsoid. 


Angle w,r,t crystal axes 


N(l) 

0,208° 

0 

86,7 

0 

90,0 

0 

3,3 


0,175 

90,0 

0,0 

90,0 


0,155 

3,3 

90,0 

86,7 

NC2) 

0,184 

2,6 

90.0 

87,5 


0,187 

90,0 

0,0 

90.0 


0,156 

87,5 

90,0 

2,6 

Be 

0,166 

86,0 

90,0 

4,0 


0,165 

90,0 

0,0 

90,0 


0,133 

4,0 

90,0 

86,0 

FCl) 

0,290 

85,4 

90,0 

4,6 


0,260 

90,0 

0,0 

90,0 


0,155 

4,6 

90,0 

85,4 

F(2) 

0,249 

4,3 

90,0 

85,7 


0,259 

90,0 

0,0 

o 

• 

o 


0.164 

85,7 

90,0 

4,3 

F(3) 

0,265 

101,2 

74,7 

160,9 


0,224 

162,8 

105,6 

83,1 


0.183 

102,9 

22,1 

72,3 
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Considering BeF^~ as rigid body, the atomic vibration 
tensor (U) for each atom has been expressed in terms of two 
symraetric (T,L) and one non- symmetric ( S) tensors (sec. 1.A.4). 
There are five atoms in the rigid groap BeF” giving 30 such 
equations. With respect to the orthogonal crystal axes, the 
value of T and L tensors as determined by the method of least 
squares and symiaetrizing s is given by 


T 


(XP = 


0.0205 0 0.0018 

0.0275 O 

0.0307 


L(deg. ■') 


53.5 


0 

66.1 


4.7 


0 


30.7 


Since the value of and small as compared to their 

respective diagonal elements, the principal axes of T and L 
can be taken to coincide with the crystal axes. The r.m.s. 
amplitudes of translational oscillations obtained from the 
square roots of the diagonal elements of T are 0.143, 0.166 
and 0.175 R respectively- The corresponding r.m.s. amplitudes 
of angular oscillation obtained from L are 7.65°, S.ig'^ and 
6.22° respectively. The increase in individual Be-F bond 
lengths in BeF““ ion thus obtained from L tensor is given 
in table 3.3(a). The mean Be-F bond length thus increases 

1 
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froui 1.531 A to 1.556 £. The new bond length agrees well 
with those in other crystals containing BsF^“ ions. All 
the above calculations have been done on IBM 7044 using the 
computer programme • 


Prom the amolitudes of angular oscillations the fre- 
quencies of oscillation of BeP^~ have also been obtained 
from eqn. 1.15 


(L) 


h 


TT^; 


(i coth 


V 


kT" 


This transcendental equation has been solved for v by Newton 

Raphson iterative method for each value of the estimated 

—40 7 

uioment of inertia 199, 197, 200 x 10 g cm' of BeFj“ abovit 
a, b, c axis respectively. Thus the three rotational 
frequencies of BeF^~ about a, b and c are 57, 54, 7o cm 
respectively. These frequencies should show up in Raman 
spectrum of afb. 


For a perfect tetrahedral (T^g^) symmetry, the libra- 

tional modes are forbidden in both Ran'ian and IR spectra. 

Since the DeF^"" ions do not differ significantly from regular 

tetrahedral symmetry^ it is highly Probable that the Raman 

inten.sity of the librational modes of BeP^~ ions is too 

weak to be detected. This is I'ound to be so in the Raman 

( 52 \ 

spectrum of single crystal of aFB analyzed by Jain . 



69 


However, he has estimated the mean librational frequency of 
BeF" from the difference of internal mode frequency 
plus librational frequency (1) of + l)ggp “ 472 cm“^) 

and the internal mode frequency (v of BeF^ 4 “ 37 2 cm~^) 
to t-e around lOO cm~^- 



4, THSRiyiaX. DIFFUSE S^ATTERIiSG OF X-RAYS FROM 
2BeF4; RE^SULTS A1SD DISCUSSION 


The plots of ratio of therrnal diffuse intensity to 
direct beam intensity (I^/Iq; after applying all the correc- 
tions described in sec. 2.B.3) and the square of the thermal 
v/ave length = — 2 ) have been shown in figs. A1-A12. These 

plots are straight lines passing through the origin. The 
slopes of these lines give the average value of k[uvw]]^]^]L 
from which the respective Cj ^ can be calculated. The details 
of calculations of the individual elastic constants are given 
in Appendix II. 

4. 1 Elastic constants 3a§ed on Old (voigt* s) Theory of 

Elasticity 

From the diffractometer study of diffuse reflections, 
the nine elastic constants, based on old (Voigt's) theory, 
of orthorhomloic (NH 4 ) 2 BeP 4 at room temperature are given in 
table 4.1. 

Ramachandran and Wooster (1951) developed this 
method and used it for cubic crystals. Later other workers 
notably Prince and Wooster (1953) , Prasad and Wooster 

(1955,1956)^^^^, Srivastava and Chakravorty (1962)^^^^, 
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Table 4.1: 

Elastic constant values and the corresponding 

K[uvw]^ 3 ^]_ from which they have been evaluat 

El^astic 

conatant 

k[uvw]^^,^ 

Elastic constant 
■ xlO"lldynes. cm“‘^ 

Mean C^j __2 
xlO~lldynes- cm 

^11 

I'tiooljoi 


3.822 

3.82(30) 

*^2 2 

k[oTo 


3.555 

3 . 5 6 ( 28) 

Ss 

1301 


2.451 

2.45(19) 


-T“ 

K[001 ]o40 


0. 959 

0. 96(05) 

^^44 

K[91°]o04 


0.963 



+ 

kU00]qq4 


1.016 

1.01(05) 

^55 

4* 

K [001 1400 


1.008 


^66 

i 

K[100 ]q20 


0.776' 

0 . 79 ( 04 ) 

K[100 ]q40 


0.808 



K[±^' ±W 

° 1)20 

1.759 

1.78(18) 

^12 

K[± V' ± W 

°l40 

1.801 



1 

1 1 

1.520 

1 . 52 ( 15 ) 

^13 

Y2' - 

72 IOO 4 




K[0, +Y2'- 

004 

1.406 

1.41(14) 

^23 

K[0, + 

^^040 

1.416 
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Joishi and Kashyap (19 54) ^■'^'7) , Chandra and Herrikar (197 2)^^®^ 
and Phatah / Srivastava and aibbarao (19 7 2) applied it 

to non-cub io crl^stals. RaiTiachandran and Wooster employed 
counter d iff ractoraeter and large crystals of cross-section 
'^5 mm X 5 mra which v/ere required to be cut along particular 
directions and polished. SO’ne of the later wor}:ers men- 
tioned above have used photographic method and small 
crystals. Tlie uietiiod as developed for small crystals 
obviates the need for cutting the crystals and also results 
in small divergence correction. Phatak et al.^^^^ have 
e.ii'-'>loyod sii.all crystals of volume of the order of 10““^ c.c, 
not only in tte photographic method but also in the counter 
diffractometer using balanced filter for monochroma tization. 
They have s^.own that the agreement between the results 
obtained by the two methods with small crystals is quite 
good. In the present case also we have been able to resolve 
and analyse Ic^/Iq curves along different directions 

around a relp. on small crystals of volume 10~3-10”‘^ c.c. 

Ac a result one of the limitations of using large crystals 
normally associated with the counter technique is no longer 
considered necessary. The additional advantage with such 
small crystals is that the divergence correction is further 


reduced. 
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- 1 . 1 Accuracy of the Results 

Each elastic constant is evaluated from at least two 
different directions of the themal wave vector. The 
relationship between the k's corresponding to a particular 
direction of propagation of the thermal wave and the elastic 
constants based on old (Voigt's) theory as well as new 
(Laval's) theory has been given in table 1.1. K[uvw]^^ 2 _ 

that have been used to evaluate elastic constants of aFB 
are listed in table 4.1. 

Accuracy of the results of the elastic constants as 
deterrained by the X-ray diffuse scattering method depends 
uoon the following factors 

1. Choice of the reflecting plane and the rekha [uvw] . 

2. Various corrections (i) Divergence, (ii) Skew, 

(iii) Polarization, (iv) Absorption, (v) Second and 
higher order diffuse reflection, and (vi) General 
scattering. 

3. Measurement of absolute intensity. 

4. corrections arising out of contribution from Cochran's 
optical mode or soft mode. 

The first two factors affect the accuracy of the 
individual constant in different ways. On the other hand, 
the factors 3 and 4 affect all the elastic constants to 
nearly the same extent, so these have been discussed first. 
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The accuracy of tine elastic constants mainly depends 

on the accuracy with which and can be measured in 

addition to the structure factor Fiji, i.e. the accuracy of the 

crvsi'.al structure indirectly. The structure has been refined 

(see. 3.1) to quite a good degree of accuracy (r = 0.049). 

The calculated values of structure factors Frp's have been 

used. The direct beam intensity Iq v^iich is of the order of 
5 6 

10 -10 times the diffuse intensity has been measured by 
using an intermediate standard such that blie measured 
intonsii.y leading to is comparable to diffuse intensity. 

The details of the measurements of are given in Appendix I. 
Sucii a standardization of the incident intensity can be 

(55) 

made wi ti an accuracy of 3 % 

By measuring the intensity of diffuse rBflection 
clo.-je to the reciprocal lattice point i.e. for lov/ values 
of the thermal vrave vector q, it has been possible to neglect 
the contribution of optical mo.:le of vibration because of 
their high frequency at such small q values. However, as 
mentioned earlier, (NH^) 2 BeF^ is a ferroelectric crystal and 
ferroelec tricity in many crystals has been attributed to 
the existence of lov/ frequency transverse optical mode or 
so-called soft mode. A detailed theory of soft mode by 
Anderson^®^^ and Cochran^®^^ predicts tlie existence of a 
temperature dependent low frequency (w^) transverse mode 
which goes to zero as the Curie teaiperature (Tq) is approached. 
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i*e. « (T - Tq) C4,1) 

such a low frequency optical mode/ if exists in aFB , would 
also contribute to the diffuse intensity apart from the 
usual acous ticjmode. Hence the values of the elastic 
constants deterniined on the assumption of negligible optical 
contribution would deviate from their true value* It is/ 
therefore/ necessary to examine the results of experiments 
which are likely to tlirow light on the existence of soft 
mode . 

Popkov et al.*'^^^ have measured the Raman spectrum of 
APB and found no soft mode. Recently, Wada et al.^*^^^ who 
found soft mode in different phases of K2Se04 re-examined 
the Raman soectrum of AFB but did not find any such low 
frequency ohonon mode for any orientation of the crystal 
dov/n to the liquid nitrogen temperature. lizumi and Gezi^®'^^ 
have done the neutron diffraction study of (ND^) 
have not been able to observe such a mode. The dielectric 
measurements of aFB have been done by Hoshino et al.^^^^ 
but they have also not noticed any dielectric anomaly along 
any of the crystallographic directions at the transition 
tenperature. These results rule out the possibility of 
explaining the ferroelectric behavior of (NH^) 2BeF4 ' on the 
basis of soft mode concept. 
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Further the transition from ferroelectric to para- 
electric state in afb takes place at 17 5 K while elastic 
constants have been obtained at room temperature 305 K in 
the present study. Looking at the difference in two 
temoeratures/ eqn. (4.1) shows is not low at this tempera- 
ture. Hence even if soft mode existed (for which there is 
no evidence as discussed above) its contribution to diffuse 
scattering will be negligibly small at 305 K. 

The first two factors are discussed now. ^il' ^22' 

C 33 could, in principle, be determined independent of other 
constants by raeasuring intensity of diffuse reflection in 
the same direction as the reciprocal lattice vector, i.e. 
along [ioo]j^qq, [oio]^^,^, [ 001 ]qq 2 _, but for such wave vectors 
the geometry of reflection is such that even for slight 
mis-setting from the Bragg angle, the value of q is very 
large. Thus a small error in measurement of the angle of 
mis-setting would introduce large errors in q. Moreover, 
large q makes the corresponding value of I^/Iq very low 
and consequently less accurate. It was found to be more 
so for APB crystals as the values of Cn, C 22 ' C 33 are quite 
large as compared to other constants. Also the second order 
correction becomes large as q increases. so other reciprocal 
lattice points having two non-zero indices had to be used for 
evaluation of C 22 / C 33 making each of these dependent 

on another elastic constant. The divergence correction has 
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been reduced by using small crystals of volume '\'10~^-10”'^c . c . 
and has been Properly taken care of. The absorption correc- 
tion has been accurately deterrained by talcing well shaped 
crystals and applied in all the cases. The variation in the 
general scattering (cotapton scattering, fluorescent radia- 
tion and scattering due to optical waves^ etc.) has been 
acC'Junted tor by jnaking intensity measurements on either 
side of tlie reciprocal lattice point and calculating average 
value of the elastic constant from these measurements. The 
procedure fcjr applying all the above nientioned corrections has 
been discussed in see. 2 .B. 3 . Thus taking into account all 
the above factors, the accuracy of Cp2' C33 is estimated 

to be about ''i%. 

C44, C55, C55 have been evaluated by measuring the 
in to nr. 1 hies of diffuse reflections in a direction perpendi- 
cular to the C'Oncerned reciprocal lattice vector. They 
are independent of any other elastic constant. The correc- 
tions are tfie same as for C22' C33 except that thermal 

wave vectors involved are smaller and hence second order 
diffuse reflection correction is reduced. The accuracy of 
C44, C35, C55 is estimated to be about 5 %. 

Cl 2/ C13, and C23 each depends on the value of three 
other elastic constants, e. g. 0^2 can be determined from 


the following 



78 


The correctiona are the same as for etc. as discussed 

nJ-jove. The accuracy of C^2' ^ 13 ' '^23 estimated to be 
about 10>o. 


4.2 Elastic Constants on the Basis of New (Laval's) Theory 

of Elasticity 


It is seen in sec. 1 .B .4 that fifteen elastic constants 
are necessary for completely specifying the elastic behavior 
of an orthorhombic crystal. Six of them do not occur inde- 
pendently but appear only in combination (C^2 + ^ 69 ^ ' 

(C23 + (C^3 + C53) in the expression for propagation 

of elastic waves in the crystals. Therefore, all the 
dynamical metliods would only give these combinations and not 
tlie in.'^i vifia Jil constants • One is thus left with only 
twelve dynamical constants namely Cgg' ^33' ^ 44 ' '^ 55 ' 

^ 66 ' ^ 11 ' *^88' ^99' ^*^12'^69^ ' ^C23'^47) ^*^13'*^58^ * 

Out of these Ci-j^ to Cgg can be identiried with the constants 

^11 ^66 (Voigt's) theory. So the values of 

these constants are unaffected due to the implications of the 
new theory as applied to the present compound (NH4) 2BeF4 also. 
Further, in the new (Laval's) theory, it is possible 


to distinguish between the following pairs of elastic 


constants 


; C55 and Cqq 7 C56 and Cgg,* 


C44 and C77; Cgg and C55; 
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^58 *" 55 ” *"47 *" 44 * example, according to the 

new theory the rekha k[ioo]qq 2 . sind l^[ 00 l]}^oo give rise 

to elastic constants C^g and C^g respectively, but according 
to the old theory they give rise to the same elastic constant 
C 55 . Mcasuroraents have been, done along rekha k[ 100 ]qq^ and 
k[001]^qq to determine Ggg and Cgg respectively. Details 
of observations and calculations are given in tables 
A-3(a,b) and A-4(a,b) respectively of Appendix II. Hence 
we got 

*"55 “ 1.016 X 10 ^^ dynes/cm^ 

Cqq = 1.003 X 10^^ dynes/cm^. 

The difference (0.8%) between the bvo constants is not 
significant and is well within the limits of accuracy of 
our exi>eriments. similarly measurements have been made 
along k[ 010 ]qq 4 and k[ 001 ]q 4 q (tables A~l(a,b) and A-2(ayb) 
of Appendix II respectively) to distinguish between cjj 
and C 44 . 

11 2 

C^j = 0.963 X 10 dynes/cm 

n' = 0.959 X 10^^ dynes/cm^ 

^44 

The difference (0.4%) between the two is again not signi- 
ficant. similarly the difference between Cgg and Cgg and 
other pairs stated above were found to be insignificant. 

It may be pointed out that if the difference between the two 



•so 


constants say and C 0 g, and Cyy etc. is not large 

compared to the inaccuracy of their determination, it is 

* 

sufficient to interpret the results in terms of old theory. 

■Svidently, the difference between Cgg and Cgg and 
such differences in other constants can be enployed to 
differentiate between the two theories, limitation being 
that the difference should be larger than 5-10'’4 (depending 
on the constant) if X-ray metnod is employed. Due to 
limitation of the accuracy of the metfiod employed, it is 
not possible on the basis of our experimental results to 
make any assertion regarding the difference between the old 
and the new theory of elasticity for the oompound aFB which 
hrds been investigated. 

Further as argued by Joel and Woos ter ^ , a centre 

of symmetry in the crystal necessitates the presence of 
parallel and opposite bonds, thus destroying the volume 
couples which are chiefly responstbie for increasing the 
number of elastic constants. Hence it would not be expected 
that any ccntrosy-nmetric crystal like AFB would require the 
new theory for description of its elastic properties. 

Few other workers have performed experiments to verify 
the new theory. For example, in cubic MaBrOg the difference 
in the pairs of elastic constants required by the new theory 
is about which is well within the limit of experi- 

mental error of pulse technique employed. Unequivocal results 
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justifying the validity of the new theory have yet to 
appear. 


Tsodiffusion Contours 


contours around a relp. over which diffuse intensity 
has a constant value are called isodiffusion or equiscat- 
terinp contours. The information about the thermal vibra- 
tion amplitudes in AFB has been obtained from the study of 
tsodiffusion contours around the reciprocal lattice node 
400. These contours have been calculated following the 
metliod of Jahn^^®^ and are drawn in reciprocal planes 
a*b*, b*c* and c*a* respectively in fig. 4.1. The intensity 
formula is given by eqn.(2.3) as follovrs 


2 

r = v2 T 

o ^ 


|q|2 


k[uvw] 


hkl 


por isodif fusion contours 

% 

-r- = constant value 

I 

o 

q2 = const. K 

The value of tlie constant depends upon the particular relp. 
used. 

For hoo node in a*G* plane 
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Fig, 4.1 


Isodiffusion contours around 400 in (a) 

0 * b* (b) b*c*(c) c* a* reciprocal planes. 
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L-1, M=:0, N=:0 and v = 0 

= conat. = const. A~^ 

where 

^-1 ^ GsgU^ + C33W2 

^GiiU," + C^i^w ") + G33W^) — ^^2^2 ^55^ u.^w^ 

= f (u2,w^) 

q^' = const, f (u^/W^) (4.2) 

SO the wave vector for a point on the contour is guided by 
the eqn. (4.2) which shows that the value of q2 is d^endent 
only on the squares of the direction cosines u and w of the 
ther/nal wave and hence the isodiffusion contours would be 
syiiune trical about a* and c* axes in a*c* plane. similar 
arguinento follovj for contours in a*b* and b*c* planes. 

In AFB, tile isodiffusion contour's shown around 400 
have ali'iiost circular shape (with a little elongation along 
b*) in b*c* plcine while peanut shape in a'^c* and a*b* planes 
The elongation of tiie contours along b* in a*b* plane and c* 
Ln a*c* plane shows that the a^iiplitude of vibration of the 
transverse wave is higher than that of the longitudinal wave 
This is found to be true for 040 as well as 004 relps. The 

contours around 400 depict Iqj^^QQ <| ^Iqio' 100 N 001 
and l3 001 ^ 1-ittle < lq| qio* above inequalities are 
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iraplicit in the values of the experimentally determined 
elastic constants requiring ^ ^55 ^55 

a little > Cgg. 

4 . 4 Debye Temperature and other Bulk Properties of 

(NH^2B®^4 


Debye temperature is one of the important physical 
properties of a solid. It provides useful quantitative 
inEormation regarding vibrational spectrum and is also used 
as a parameter in many thermodynamic relations. The Debye 
fempcraturc of aFB has been calculated by finding the 
mean velocity of sound in tine crystal from the elastic 
constants . 


The mean sound velocity v^^ is given by 


(69) 


v: 


m 


r c-% ^ ^ f 

° h ''a "a 


(4.3) 


where d^ = sin© d© d<{> 

and v. and v^, / v, are the longitudinal and transverse 

i ti ^2 

velocities obtained from roots of the Cristoffel e'quations 


|r 


xk 


®ik 



= 0 


where 6^^ 


0 

1 


and r.^ = 


i k 
i = k 

^j^l^ijkl 


(4.4) 
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where are the direction, cosines of the phase velocity 
vectors. 

The integral in eqn. (4.3) has been solved numerically by 
replacing it by a summation of the following type^'^'^^ 


0s“A8 xJig-Atl) 

3 S I 


V. 


4 ir 


m 


0 =0 


(— ^ + 

^ =0 v;" v(r 

1 "^1 


) AS? 


V 


t. 


where 


AS2 


j^cosO - cos (9 + A0 )] A({) 


and S is a symmetry constant dependent upon the 1 imits of 
summation e_ and 

o S 


(NH 4 ,) 2 BeF^ belongs to orthorhombic system and hence 

it is only necessary to sum it over an octant (i.e. 

9a = 4>o = 90°) and take S=0. The above calculations have 

been done on DEC 10 system. The interval chosen is 

A0 = A4> = 5° v;ith a view of the fact that difference between 

V with A0 =AA = 5° and v„ with A.© = A4> = 2° is less than 
m ^ 

2% for calcite . The mean sound velocity Vj^ thus calcu- 

lated for AFB using the values of elastic constants given 
in table 4.1 is 2.54 km/sec. Using this value, the Debye 
temperature 9 ^ defined as 


9 


D 


h 

mm 

k 


( 3 n Na 
'4itM ' 


1/3 


V, 


rn 
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v/hcre, n is the nuiaber of atoms in the molecule, 

N is Avogadro ' s number, 

p, M are the density and molecular weight respectively, 
comes out to be 381 k. 

An estiraate of the accuracy of the elastic constants 
obtained experimentally can be seen by comparing as obtained 
above and that derived from specific heat measurement at low 
temperature v^here only lov7 frequency lattice vibrations 
contribute to specific heat (C^ « T ). Unfortunately, no 
such data in the region is available for APB. 

Some of the bulk nroperties of polycrystalline aggregate 
V7hich consists of randomly oriented single crystals of APB 
can also be estimated from the single crystal elastic constant 
values. Hill lias shown by energy density considerations that 
for such an aggregate, tlie Voigt model of calculating bulk 
iHoduli from elastic constanb values (Cj_j) on the basis of 
unlEorm local strain and the Reuss model of calculating bulk 
moduli from compliance constant values (S^j) on the basis of 
uniform local stress represent the extreme upper and lower 
bounds and hence an arithmetic average of the two is the best 
representation of the bulk elastic moduli. Using this simple 
averaging scheme (called VRHG approximation by Anderson 2) ) ^ 
the different elastic moduli calculated for APB are as follows 
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Bulk Modulus (l%) = 2.07 X lo^^ dynes/cm^ 

Shear Modulus (Gpj) = 0.92 x lo^^ dynes/cm^ 

Young’s Modulus (Eh)= 2.41 x lo^^ dynes/cm^ 

The average longitudinal transverse (v^ velocities 

in the polycrystalline aggregate are then given by 

= / (Kj^ + I /P = 4.40 km/sec 

v_^ = / Gpj/p = 2.32 krn/sec 

Hence the average mean velocity in the polycrystalline AFB is 
^ P 3_ -1/3 

V„ = [t (rr + r?)] = 2 . 6 O km/sec. 

lu 3 v^ 

t 1 

This value is in good agreement with the one (=2.54 km/sec ') 
calculated by more rigorous integration technique above. This 
shoves the correctness of the Bulk moduli calculated from 
’■</RHG approximation. 

The complex nature of the velocity surfaces given by 
eqn. (4.3) is s’nown in different sections in fig. 4.2 for 
AFB. These curves have been drawn from the three real solu- 
tions of eqn. (4.3) , The largest root corresponds to the 
longitudinal or quasi-longitudinal wave and the other two are 
transverse or quasi-transverse waves. A close inspection of 
these curves shows that velocity surfaces of each wave possess 







Cross-section of the wave velocity surfaces in (001) plane 
(NH.), BeF> 
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the symiaetry of the particular projection drawn. So for 
tno ortiiorhombic symmetry, it is only necessary to calculate 
the velocities (v^^, in one quadrant of a plane to 

reproduce the whole velocity surface in that plane. These 
velocity surfaces are helpful in finding out the directions 
(sDecific directions of Borgnis along which pure longi- 
tudinal waves may be propagated in the crystal. 

‘ ^ Correlation of Elastic Constants and Crystal Structure 

The elastic properties of crystals may be very useful 
in Investigating the nature of binding forces. Although 
fhe elastic constants determine the therraal vibration spectrum 
only in the low frequency limit yet they may be employed 
to forra semiernpirical force models and used as a check for 
funo.amental theories of binding in solids. The analysis is 
simple for cubic crystals but becomes complicated as the 
number of atoms in the asymmetric unit increases. Hence only 
a qualitative correlation could be made between the structure 
oE APB and its elastic constants. 

A survey of elastic constants for different structures 

has been done by Wooster . A more recent survey of diffuse 

scattering study leading to elastic constants has been done 

( 37 ) 

by Amoros and Amoros . The broad generalization wliich 
emerges from these survey is that where the atomic binding 
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parallel to an axial direction is strong, the corresponding 
elastic constant is large. According to the classification 
of hydrogen bonded crystals to different structure types, 
done by Amoros and Amoros , AFE can be considered as the 
crystal wliose molecules are joined in three dimensional 
framework. As has been shovm in sec. 3.2.1, AFB consists 
of three types of tetrahedra (MH^) j, (NH^) and BeF^. Their 
bond lengths and bond angles show that these tetrahedra are 
almost regular with very little anisotropy in the distribu- 
tion of bond strengths. It does not possess any significant 
'■-'onding feature along any direction as is present in layer or 
chain type structures. Hence one should not expect to 
observe much variation in the value of the constants 
^22' ^33* Similar results should be expected for shear 
constants C 44 , C 55 , C 55 . As seen in table 4.1, in fact, very 
little anisotropy is actually observed in experimentally 
obtained elastic constant values. 

An estimate of hardness of AFB can be obtained from 
the mean value of ^ 22 ’ '^33* There is a rough 

correspondence between and hardness H which is given 

■by c-j_^ = . The hardest known substance, diamond has 

C^l = 94 X 10^^ dynes/cm^ and corresponding H is ''' 10 . On 

I 11 2 

the same scale corresponding to Cj_]_ = 3.3 x 10 dynes/cm 
for APE, H is 'v2. From the crystal structure also one would 

AFB to have lov/ hardness because its n\olecules are held 
together by hydrogen bonds which are quite weak as compared 
to strong covalent bonds in diamond. 
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APPEIIDIX I 

MEASUREMENT OF DIREC T BEAM INTENSITY ( Iq) 

To determine the elastic constants it is necessary 
to measure the absolute value of the incident intensity 1^, 
The direct beam is too strong to be measured directly by 
any counter hence if a direct measurement was desired, the 
beam must be attenuated first so that the mean time interval 
}3e tween the arrival of X-ray quanta is appreciably more than 
the dead time of the counter. Attenuation of monochromatic 
beam can be done by using multiple foils, but since the 
reduction factor is of the order of 10^/ small error in 
the measurement of thickness or y can lead to large errors 
in Iq. This method has therefore not been used. 

Compton scattering from a substance consisting of 
light elements and knovjn chemical composition such as 
diamond^ can be used as an intermediate standard. The 
incident X-ray beam is allowed to fall on the diamond 
crystal set at any convenient angle ®220^ 

incident beam. The radiation of modified wave-length 
scattered in direction well away from Bragg reflections 
(about to lO*^ on either side) has an intensity which may 
be calculated from the fundamental constants and may be 
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compared directly with the therraal diffuse scattering 
under investigation. The intensity of diffuse reflection 
is given by equation 2,3 as follows 







K[uvw]h3^1 


The syiTibols have been explained in sec, l.B.l. Woos ter 
has defined thermal diffuse scattering power (D) as the 
ratio of the thermal diffuse intensity per unit cell of the 
crystal per unit solid angle to that scattered by a single 
Thomson electron under the same conditions. Its value is 
given by 


Hence 


D 


kr ^2 
V 


x| 




K [ UVW ] 


hkl 



In an analogous manner, one can define Compton diffuse 
scattering power (D^^) as the ratio of the intensity scattered 
by the Compton effect per unit cell of the crystal per unit 
solid angle to that scattered by a single Thomson electron 
under the same conditions. 

Ic 


Hence 


V 


(l-l) 
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where is the intensity (after applying absorption 
correction) of Compton scattering per unit volume of 
diamond, Q is the solid angle subtended by counter 
collimator slit at the crystal and V is the volume of the 
unit cell of diamond. 

For diamond, the Compton diffuse intensity can be 

(4) 

calculated theoretically and is given by^ 

= 8 (6 - I f Jg /B^ 

where If is a function which describes the effect of 
0C 

the individual carbon atom scattering incoherently and its 
values are listed as a function of 2 6. B is the Breit— 
Dirac correction factor yaich arises due to the scattering 
by the recoiling electron in the Compton process. Its 
value is given by 

g = 1 + (sin^0/X^) 

^ me ^ ' 

Hence from eqn. (I-l) the absolute intensity (Iq) of the 
incident beam can be deteirmined. 

The diamond crystal used in the present case was taken 
out from a glass cutter. It was ground in a spherizer to 
remove surface irregularities. The quality of the crystal 
was checked by taking Laue photographs. It was then 
aligned along [llo] on Weisseriberg camera and shifted over 



to the diffractometer, fitted with a quartz crystal mono- 
chromator as discussed in sec, 2.B.1, for the measurement 
of Compton diffuse intensity. The volume of the crystal 
(5 V) irnraersed in the X-ray beam was calculated graphically 
from the area of cross -sect ion of the crystal and the width 
of the beam. Its value along with other quantities is 
given in the description of table I-l. 



Description of Table I-l 


10 2 


Column 

1 

2 


4 

5 


Description 

7-ingle (6) which the incident X-ray beam makes with 
[llo]of diamond crystal. 


Polarization factor P = 


1 + cos^ 2 tt cos 26 


1 + cos^ ^ 
where 2ot is the angle of diffraction of the 

monochromatic beam from the quartz crystal. 

Value of B (Breit Dirac factor). 

Calculated Compton diffuse scattering flux D^. 

Observed Compton diffuse intensity corrected 

for absorption, per unit volume of diamond crystal 

Direct beam intensity I^. 


For Diamond 

Volume (V) of the unit cell = 4.50 x 10~^^ c.c. 


Linear absorption coefficient 
(y) for ''loF^ 

Volume (6V) of the crystal 
immersed in the X-ray beam 

Solid angle (S^) 


1.9375 cm~^ 

8. 27 X lO""^ c.c. 
4.31 X 10“^ 
7.935 X 10"2® 


X P 



Table I-l 


Data for 

the Calculation of 

Direct Beam 

Intensity, 

I 

0 

Anale 




1 


with [110] 

P 

B 

D 

c 

c 

xlQ 

o 

-7 

XlO 

24.365 

0,724 

1,0116 

38,188 

2.292 

1,091 

25,365 

0,707 

1,0125 

38,580 

2,245 

1.083 

26,365 

0,691 

1,0134 

38,815 

2.257 

1.107 

27,365 

0.674 

1,0144 

39,038 

2,225 

1,113 

28,365 

0,658 

1,0154 

39,254 

2,187 

1,114 

1 

1 

I 

t 

1 

1 

1 

i 

1 

1 

f 

i 

1 

t 


1 

1 

1 

i 

1 

1 

I 

t 

t 

1 

i 

1 




Average Value 

Of the 

Direct Beam 

intensity, I 

= 1,102x10 

0 

7 

C t p « s » 
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appendix II 

OBSERVATIONS AND C;vLCULATIONS : TABLES AND GR/iPHS 


for the determination of elastic constants from thermal diffuse 

scattering study. 


Description of tables A-1 to A-14 
Column Description 

1 The angle of incident beam with certain given 

direction 


2 Observed diffuse intensity, IoLs (counts per second, 
c.p.s.) corrected for absorption, per unit volume 

of the crystal. 

3 Correction factor = po lariz a tVon " ' (^T ^ Divergence (D) 

4 Corrected intensity 1^^ (l+ll order) = I^^^g x 

5 Ratio of I^ to direct beam intensity I^^ 

6 Square of the wavelength (X^) of the elastic wave 
relevant to the specific direction. 


The intensity Ig due to general scattering is given 

at the end of each table. The graphs have been plotted between 
^d ^d % 2 

— - (= Y” “ ^ ^ given rekha of a given plane for 

■^o "^o "^o 

all the planes that have been used to calculate the elastic 
constants . 


The formula (eqn. 2.3) used for the calculations of 


elastic constants is given as follows 


L ^ cAtS 2 |x|^ 

l^l 2 


hkl 


k[uvw] 


(2.3) 
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The symbols have been explained in sec. l.B.l. Eqn. -(2.3) can 
be written as 



,-*• ,2 





V 




k[ uvw] 


hkl 


or 



G X k[uvw]^^^ 


where G 


e 


V‘ 




2 


( 1 ) 


and has a constant value at temperature T for a given reci- 
procal lattice point. 


k[uvw]^^ 2 _ and hence the corresponding Cj_j (Table 1.1) 

can be evaluated from equation (1) , knowing the slope of the 

2 

graph between -ir- vs X for a given rekha [uvw] of a given plane 
^o 

(hkl) and G value of the same plane. Some relevant data 
required for the calculation of G for all the planes studied 
is given in Table h. 



Table A 


Data of Planes used and their G Values 
Solid Angle CJL) = 4,31x10^ 


Plane 

Studied 

mmmmmmmm 

Axis of 
Potation 

structure 

Factor 

F 

T 

Hec, Lattice 
Vector X 
*8 »1 
xio cm 

Volume of 
the Crystal 
4 

XI 0 cc 

Constant 

G 

040 

100 

b5.43 

0,6756 

7,406 

9114,47 

004 

100 

72.94 

0,3827 

6,875 

5063.63 

013 

lOo 

42,13 

0,3337 

6,790 

1284,76 

004 

010 

72.94 

0,3827 

6,837 

5063,63 

400 

010 

14.53 

0,5227 

16,057 

374,98 

301 

010 

70.11 

0,4043 

15.670 

5222,49 

020 

001 

53.68 

0,3378 

7,175 

2137,83 

040 

001 

55,43 

0,6756 

7,338 

9114,47 
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II. 1 


Observation data along different directions of 
propagation [uvw] of the thermal wave for various 
reciprocal lattice points hkl and calculations of 
the elastic constants. 



109 


Table A-i(a,b) 


Angle of 
incident 
beam with 
COiOJ 


Diffuse 

intensity 

corrected 

for 

absorption 


Correct! 

factor 

SX0/P 


on Corrected 
Intensity 
(due to 
I order) 

•3 


” 2 2 
I /I >=l/q 

d o 


— 

•3 

XlO 

Helena 

I XlO 
d 

£010) 

004 

4 

XlO 

w«eipt>eMFiwipipiiw<iefe«irw 

XlO 

8.915 

9,979 

1,192 

11,896 

10,795 

18.524 

9,015 

9,107 

1,127 

10,263 

9,313 

15,565 

9.215 

7,428 

1,043 

7.749 

7,032 

11,434 

9.515 

4,877 

1,060 

5.168 

4,690 

7,753 

9.815 

3,555 

0.988 

3,514 

3,189 

5,600 



Rexha 

£0103 

004 



6,615 

8,470 

1,083 

"’"*’*91171 

8,322 

13.262 

6,315 

7,876 

0,966 

7,605 

6,901 

9,960 

6,215 

6,940 

0,889 

6,170 

5,599 

8,753 

6,015 

6.130 

0,833 

5.104 

4,632 

6,915 

5.915 

4,629 

0,833 

3,857 

3.500 

6,206 

1 

I 

i 

1 

t 

i 

t 

1 

i 






Ktoloi 


sl/C 

004 44 


Value of Cl /I ) 

B 0 

Value of the slope (I n )/ 
Pigs, A1 and A7 


from 


Value of C , uncorrected for 2nd 
44 *11 

order diffuse reflection, xio 


Corrected value of C, xlO 

44 


•11 


ICa) ^ Kb) 
=0,9 xlO 1,0 xiO 


••8 ■•8 
:5. 27x10 5,50X10 


:0,961 0,921 dynes/cro 

:0,977 0,950 dynes/CB^ 


Average value of C 


44 


11 2 
!0, 963x10 dynes/cm 
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Table A-2(a,b) 


Bmmmmmmmmmm 

Angle of 
incident 
beam with 
toou 

Diffuse 

intensity 

corrected 

tor 

absorption 

m 

XlO 

Correction Corrected 
factor intensity 

(due to 
SXD/P I order) 

»* -3 

1 XlO 
d 

If 2 1 

I /I '\=l/q 

d o 

4 "3 

XlO XlO 



Rekha 

[0013 

040 



12,89 

6,307 

1,226 

7,731 

7,015 

7.192 

12.69 

5,800 

1.140 

6,611 

5,999 

4,994 

12,49 

4.552 

1.020 

4,643 

4.214 

3,669 

12,29 

3.879 

0,993 

3,852 

3.496 

2,808 

12.09 

2,900 

0,971 

2.815 

2,555 

2,219 



Rekha 

[0013 

040 



14,99 

6.348 

1,183"" 

7,507 

6.813 

5,943 

15,19 

4,986 

1.112 

5,545 

5,032 

4,255 

15,39 

4.873 

1,017 

4,957 

4.498 

3.185 

15,59 

3,240 

1.022 

3,312 

3,005 

2,488 

15.89 

2,361 

1,026 

2,423 

2.199 

1.797 








f 

KEOOIJ 


»1 /C 

U40 44 


Value of Cl /I ) 

Bo 

2 , 

Value Of the slope Cl /I )/ from 

d 0 

Figs, A1 and A7 

Value of C , uncorrected for 2nd 
44 *11 

order diffuse ref lection, xlO 


Corrected value of C^^xlO 


-li 


ICa) Ub) ^ 

•4 ••4 

:0.8 XlO 0,9 XiO 


• 8 "*8 

59,20x10 9,61X10 


so, 991 0,949 dynes/ciR 

s0,962 0,956 dynes/CHi' 


Average value of C 


44 


11 2 
=0,959X10 dynes/CH! 



ill 


Table A-3(a,b) 


Anale of 
incident 
bean with 
ClOOl 


biff use 

intensity 

corrected 

for 

absorption 


Correction Corrected 
factor intensity 

(due to 
SxD/P I order) 


» «» « « «• «« Ml W « w •• m liK 


fl 

I /I 
d o 


2 

X »1/<1 



•3 

XlO 


1 XlO 
d 

4 

XlO 

••3 

XlO 

6,715 


Rekha 

ClOO) 

004 



9,974 

1,070 

10,669 

9,682 

18,524 

6,515 

7,801 

1,044 

8,141 

7,388 

13,262 

6.315 

6,245 

1.038 

6.482 

5,882 

9,960 

9,215 

5,665 

1,024 

5,801 

5.264 

8,753 

6,015 

5,045 

0,898 

4,528 

4,109 

6,915 

5,195 

4,564 

0.943 

4,304 

3,905 

6.206 



Reicha 

C1003 

004 



8.915 

9,563 

1.205 

ll,524 

10,457 

18,524 

9.015 

8,199 

1,134 

9,298 

8.438 

15,524 

9,215 

7,394 

1.058 

7,823 

7,099 

11,434 

9,515 

5,202 

1,047 

5,447 

4,943 

7,753 

9.815 

4,205 

1,001 

4,209 

3,819 

5,600 


tM 

K[1001 


004 55 


Value of (I /I ) 

B 0 

2 

Value Of the slope (I n )/ from 

Figs, A3 and A9 ^ 

Value of / uncorrected for 2nd 
55 1 1 

order diffuse reflection, xio 


Corrected value of C xlO 

55 


• i 1 


1(a) ^ ICb) 

»»4 

so. 8 XlO 0,9 xlO 


■»8 -S 

'5,10x10 4,98X10 


'0,993 1,017 dynes/cffi 

»« 

'1,008 1,024 dynes/cm^ 


Average value of C 


55 


11 2 
"1,016x10 dynes/cin 



J12 


Table A«4(a»b) 


Angie of 
incident 
oeam -(#ith 
(1003 

Diffuse 

intensity 

corrected 

tor 

absorption 

-2 

XlO 

Correction Corrected 
factor intensity 

(due to 
SXD/P I order) 

» m2 

I XlO 
d 

I /I 
d 0 

5 

XlO 

.2 : 

X =1/9 

•3 

XlO 



Rexha 

tool! 

400 

a* 1PI w it IP filial ef «p 1 


11,705 

14,084 

1.161 

16,347 

14,834 

12,012 

11.805 

12,954 

1,138 

14,739 

13,375 

9,927 

12,005 

13,491 

0,988 

13,332 

12,098 

7,107 

12,305 

12,405 

1,003 

12,440 

11,289 

4,690 

12.705 

11,447 

1,026 

11,740 

10.654 

3,001 



ReXha 

(001) 

400 



9,505 

16,427 

0,848 

13,935 

12,645 

8,340 

9,305 

14,240 

0.922 

13,125 

11.910 

6,127 

9.205 

13,270 

0,955 

12,666 

11,494 

5.337 

9,005 

12,066 

1,016 

12,259 

11,124 

4,154 

8,805 

«akap«iiwapi«|4Pii»aai«Mi 

11,518 

1.036 

11,937 

10,832 

3,326 

Pii aat IK lai lai fw lir Vf pt lai 


4- 


KCOOll =1/C 

400 55 


Value of (I /I ) 

B 0 

2 

Value of the slope (I /I )/ from 

<J o 

Figs, A4 and AlO 

Value of C , uncorrected for 2nd 
55 -U 

order diffuse ref lectionrXlo 

•11 

Corrected value of C xiO 

55 


1(a) 

a 

*0,95x10 


ICb) 

0,93xlo’ 


*,383x10 ^ ,381x10 

2 

*0,978 0,987 dynes/cm 

2 

*0,998 1,017 dynes/cm 


Average value of 

55 


11 2 
*1,008x10 dynes/cm 


Mean value of C from tables 

55 i, 1 4 

A-3Ca,b3 and A-4(a,b) *1,012x10 dynes/cro 


i 
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Table A"5(a#b) 


Angle of 
incident 
beam with 
C1003 


Diffuse 

Intensity 

corrected 

for 

absorption 


Correction Corrected 
factor Intensity 

(due to 
SxD/P I order) 

-3 


If 

I /I 
d o 


^2 2 
>v=l/q 



m 3 

xlO 

Reicha 

1 XlO 
d 

(1003 

020 

4 

xlO 

1 

1 

1 

1 

1 

1 

4 O 
i 1 

4 UA 

7.895 

7,372 

1,331 

9,810 

8,902 

28,757 

7,995 

6,446 

1 ,281 

8,260 

7,496 

23.765 

8,095 

5,652 

1,250 

7,067 

6,413 

19,968 

8,295 

4.286 

1.189 

5,009 

4.627 

14,667 

8,495 

3,752 

1,166 

4,376 

3,671 

11.230 

8,895 

2,621 

1,135 

2.975 

2,700 

7,185 



Relcha 

(1003 

020 



5.795 

8,542 

1,075 

9,183 

8,333 

23,765 

5,595 

7,026 

1.021 

7.174 

6.510 

17,014 

5.395 

6,010 

0,940 

5.651 

5,128 

12.778 

5,195 

5,036 

0,888 

4.471 

4,057 

9,947 

4,995 

4,662 

0.832 

3,879 

3,520 

7.762 


+ 

KClOO] 


=1/C 

020 66 


Value of Cl /I ) 

& 0 

2 

Value of the slope (1 /I )/ from 

d 0 

Figs, AS and All 

Value of C runcorrected for 2nd 
66 ^ _-U 

order diffuse ref lection, xlO 


Corrected value of C,,xl0 

66 


>11 


ICa) ICb) 

!=0,8 xio"^ 0,8 Xlo“ 


»2, 80X10*® 2,85x10*® 


•0,764 0,750 dynes/cm 

* 

•0,782 0,769 dynes/cm' 


Average value of C 


66 


•0, 776x10^ ^dynes/cm^ 



Table A-6Ca,b) 


Angle of 
Incident 
beam with 
ClOO] 


Diffuse 

intensity 

corrected 

for 

absorption 


Correction Corrected 
factor intensity 

(due to 
SxD/P I order) 


n 

I n 
d o 


.2 2 
X =1^0 



-3 

xlO 

ReXha 

I XlO 
d 

tiooi 

040 

4 

XlO 

mm 

XlO 

14,99 

6,607 

1,104 

8,847 

8,028 

5,943 

15,19 

5,263 

1,027 

6,658 

6.042 

4,255 

15,39 

5.137 

1.015 

5,214 

4.731 

3,195 

15,59 

4,635 

0,956 

4,431 

4.021 

2,488 

15,89 

2,855 

0.898 

3,341 

3,031 

1,797 



ReXha 

ClOO) 

040 



12,89 

8,692 

1.168 

10,152 

9,212 

7,192 

12,69 

7,261 

1,090 

7.916 

7,183 

4,994 

12,49 

5,834 

1.028 

5,999 

5.443 

3,669 

12,29 

4,746 

0,991 

4,703 

4,268 

2,808 

12.09 

4.073 

0,971 

3,955 

3,589 

2.219 








+ 

KtlOOJ 


= l/C 

040 66 


Value of Cl /I ) 

B 0 

2 

Value of the slope (I^/l )/ from 
Figs, A5 and All 

Value of C , uncorrected for 2nd 
66 -11 
order diffuse reflection#xlO 


Corrected value of C, xio 

66 


‘11 


1(a) Kb) ^ 

If* ^ ^ 

» 0,9 xlO 1,0 xlO 


*11,61x10 ^ 11,82x10**^ 


* 0,785 

* 0,810 


0,772 dynes/cm 

I* 

0,806 dynes/ci8 


Average value of C 


66 


11 2 
* 0,808x10 dynes/Cffi 


Mean value of from tables 
A»5(a#b) and A-6(afb) 


U 2 

* 0,792x10 dynes/cm 


Ta&le A-'TCa^b) 


Angle ot 
incident 
beam #ltti 

uoil 


Dittuse 
Intensit 
correcte 
tor 
absorption 


Correction Corrected 
factor intensity 

(due to 
SxD/P I order) 


I /I 
d o 


ijcMiffiimwiiiftMkw* 

.2 2 
A * 1 ^'? 




•2 

XlO 


I XlO 
d 

5 

XlO 

-3 

XlO 

7.36 


20,905 

Rexha 

0,935 

tlOO) 

301 

19,546 

17.728 

4,879 

7.26 


17.994 

0.967 

17,404 

15,793 

3,891 

7,06 


14,078 

1.025 

15,235 

13,825 

2.619 

6,66 


12,627 

1.082 

13,665 

12,400 

1,864 

6,66 


11,317 

1,134 

12,838 

11,651 

1,382 

9.16 


23,195 

ReKha 

(KP «i w MW «• e» 

0,941 

tiooj^ 

301 

21,831 

19,810 

6,314 

9,36 


16,967 

1,073 

18.199 

16,515 

4,304 

9,56 


14,502 

1,122 

16,269 

14.763 

3.190 

9,76 


12,899 

1,129 

14,573 

13,224 

2,459 

9,96 


10,961 

1.282 

14,056 

12,755 

1,964 

10,16 


10,006 

1.323 

13.235 

12,010 

1,612 

KcIoOJ 

2 2 
=6 /C +N /C 

! LsO 

.9715 N=0 

.2371 

pwi' Pi®' 

301 11 55 

Value of (I /I ) 

B 0 

Value of the slope (I /I 

Figs, A4 and AlO 

Value of c fUncorrected 
11 

order diffuse reflection. 

1(a) 

-0,95x10* 

2 

)/ from 

3l ,60x10 

for 2nd 
■'ll 

XlO =3,763 

4 -4 

0,95x10 

8 -8 

1,67X10 

2 

3,581 dynes/cm 

Corrected 

value of C xlO 
1 1 

-U 

=3.881 

2 

3,763 dynes /cm 

Average value 

Of C 

4 * 


=3,822x10 

11 2 
dynes/cm 
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Table A^SCa^b) 


Angle of 
Incident 
toeara witn 

C03i3 

Diffuse 

intensity 

corrected 

for 

absorption 

-2 

XlO 

Correction Corrected 
factor intensity 

^ (due to 

SxD/P I order) 

" -2 

I xiO 
d 

» 

I /I 
d o 

5 

xlO 

.x2 2 

A =l/q 

-3 

XlO 

8.01 

27,320 

ReJcha 

1.217 

COlO) 

013 

3^249 

30,172 

19,607 

8,11 

24,790 

1,183 

29,327 

26,613 

16,697 

8.31 

22,075 

1,168 

25,784 

23.398 

12,521 

8.51 

18,063 

1.197 

21,622 

19.621 

9.739 

8,81 

15,641 

1,141 

17,847 

16,195 

7,017 

S.bl 

30,621 

Rekha 

1.116 

£0103 

013 

34,173 

31,010 

19,920 

5,41 

25,917 

1.055 

27,343 

24,812 

14,653 

5,21 

22.871 

0,983 

22.482 

20,401 

11,232 

5,01 

21,973 

0,934 

20,522 

18.623 

8.885 i 

4.91 

21,883 

0,913 

19,979 

18.130 

7,979 : 

f 

K[010] sM^/C +N^/C 

; M=0 

.5073 N=0.8613 

i 

013 22 44 

Value Of (I /I ) 

B 0 

Value of the slope (I /i 

d 0 

Figs, A2 and A8 

Value of C , uncorrected 
22 

order diffuse reflection. 

Ua) 

so, 90 xlo""* 

2 

3/ from 

-8 

*1,083x10 

for 2nd 
*■1 1 

XlO *3,671 

-4 

0,90 Xlo" 

-8 

1,089X10 ; 

2 1 

3,440 dynes/cm ; 

Corrected value of C xlO 

22 

-11 

*3,671 

2 : 

3,440 dynes/cm 

i 

Average value 

Of C 

22 


11 

*3,555 XlO 

2 

dynes/cm 

i 

1 
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Table A-9Ca,b) 


Angle ot 
incident 
beam with 

tl03] 

Diffuse 

Intensity 

corrected 

tor 

absorption 

-3 

XlO 

Correction Corrected 
factor intensity 

(due to 
SxD/P I order) 

•* .3 

I XlO 
d 

(IBP (KP (1 

m 

1 /I 
d 0 

4 

XlO 

/\ = l/q 

-3 

XlO 

9,46 

7,028 

ReKha 

1.223 

(0013 

301 

8,597 

7.801 

13,025 

9,66 

4,934 

1.231 

6,075 

5,513 

9,552 

9.86 

4,809 

1,145 

5,508 

4,998 

7,300 

10,06 

4,320 

1.098 

4.743 

4,304 

6,678 

10,26 

2,765 

1.088 

3.008 

2,730 

4.654 

6,96 

8,274 

Kek,ha 

0,^6 

(001) 

301 

7,496 

6,802 

11,337 

6,76 

5,621 

0,978 

5,496 

4,988 

8,529 

6,56 

4,462 

0,994 

4,437 

4,026 

8,650 

6,36 

3,839 

1,002 

3,846 

3,490 

5,332 

6.16 

3,329 

1,034 

3,442 

3,124 

4,372 

+ 

- 2 2 
:[00ll =L /C +N /C 

301 55 33 

t li*0. 

9715 N=0,2371 

■t tff ifHft fliit a 



Value of (I /I ) 

B 0 

Value of the slope CX /X )/ 

d 0 

Figs. A3 and A9 


from 


Value of C .uncorrected for 2nd 
33 -11 

order diffuse ref lection, xlO 


Corrected value of C xlO 

33 


•11 


1(a) Kb) 

so, 95x10*^ 0,9 xio"^ 


•8 -8 
?4, 98x10 5,00x10 


s2,636 2,267 dynes/cm 

r 

*2,636 2,267 dynes/cm^ 


Average value of C 


33 


11 2 
=2,451x10 dynes/CRi 


A ^ O 


Table A»10Ca^b) 


Angie o£ 
incident 
beam with 
ti003 


Dittuse Correction Corrected 
intensity factor intensity 
corrected (due to 

tor sxD/P I order) 

absorption 


« 

I /I 
d o 


, 2 2 
X^t/q 


i 

1 

1 

1 

i 

t 

I 

1 

i 

1 

I XlO 

XlO d 

Rekha t-l7j2,l7i2,03 

020 

4 

XlO 

-3 

XlO 

5,795 

25.803 

1,175 

30,319 

27,513 

11,431 

5,595 

20,048 

1.108 

22,213 

20,157 

8,125 

5,395 

18,928 

1,020 

19,307 

17,520 

6,059 

5,195 

18,197 

0,974 

17.724 

16,173 

4,683 

4,995 

16,598 

0,941 

15,619 

14.173 

3,721 



Bekha C1/J2 

,-1/J7,03 

020 



7,895 

31,981 

1,119 

35.787 

32,475 

14,885 

8,095 

26.361 

1,086 

28.628 

25,978 

10,407 

8,295 

20.373 

1,031 

21,005 

19,061 

7,697 

8,495 

18.625 

1.062 

19,780 

17,949 

5,933 

8,695 

16,965 

0.982 

16.660 

15,118 

4,719 


ae fii f« w «• mm «» ' 




mmmmmmm 

* T 

'j2,l7j2,0] 

*2(C 

020 

+C )/tC 

11 6b 11 

(C ^+C )+C C 

22 66 22 

•2C C 

66 12 66 

2 

•C 3 

12 


Value of CX /I ) 

B 0 

Value of the slope Cl /I )/ 

d o 

Figs, A6 and A12 


from 


Value of C , uncorrected for 2nd 
12 *•11 
order diffuse ref lection, xio 


Corrected value of C_xiO 

12 


■U 


Ka) 1(b) 

“4 *»4 

*0.8 xlO 0,8 XlO 


*•8 "*8 
!l. 47x10 1,50X10 


*1,722 

*1,738 


1,776 dynes/cm 

r 

4 

1,780 dynes/cro 


Average value of C 


12 


11 2 
s*l, 759x10 dynes/cm 
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Taole A-llCa^bJ 


Anciie ot Dlftus 0 Cotrsctioiii 

incident intensity factor 
corrected 

rioo] for sxD/p 

absorption 

-2 

XlO 

Corrected 
intensity 
(due to 

I order) 

« -2 

I XlO 
d 

I /I 
d 0 

5 

XlO 

•3 

XlO 



Kekha C-1/J2, 

-Jw *l®u Wpt IH 5*®®' 

i/j2,0) 

^ 040 




12,89 

29,928 

1.161 

34, 7 U 

31,530 

3. 

471 

12,69 

27,707 

1,095 

30.339 

27,531 

2. 

393 

i 2 # 4 9 

24,487 

0,990 

24,242 

21,998 

1. 

746 

12,29 

19,479 

0,963 

18,758 

17.022 

1, 

327 

12.09 

15,732 

0,947 

14,898 

13,519 

1, 

041 



Rekha 

040 




14.89 

29,247 

1,283 

37,524 

34,051 

3. 

723 

14,99 

26,796 

1,254 

33,602 

30,492 

3, 

087 

15,19 

22,719 

1.169 

26,558 

24,100 

2, 

225 

15,39 

20,208 

1,120 

22.633 

20,538 

1. 

683 

15,59 

17,228 

1,056 

18,193 

16.509 

1 9 

319 


4. f 

Kfl7/2,l/j2,03 


a2(C +C )/CC (C +C )+C C -2C C ' 
040 U 66 U 22 66 22 66 12 66 


2 , 
■c J 
12 


Value of (I /I ) 

8 0 

2 

Value of the slope (I /I )/ from 

d 0 

Figs, A6 and A12 

Value of C , uncorrected for 2nd 
12 ^ . -U 

order diffuse reflection, xio 


Corrected value of C^^xlO 

12 


>11 


Average value of C 


12 


1(a) 


•4 


Kb) 


a0,9 XlO 0,9 xlO 


•8 ••8 
=6,41x10 6,50X10 


=1,842 

=1,809 


11 


1,876 dynes/cm 
1,793 dyne?/c»' 
2 


=1,801X10 dynes/cro 


Mean value of C ^ from tables 
12 

A«10(a,b) and A»ll(a,b) 


11 2 
=1,780x10 dynes/cro 
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Table A-12(a,b) 


Angle of 

Incident 
beam with 
11003 


Correction Corrected 
intensity factor intensity 

?2£^®cted (due to 

SxD/P I order) 

absorption 

*» -3 




If 

I /I 
d o 


.,2 2 
A =l/q 


— 

-3 

XlO 

Reicha C-l/Jf, 

I XlO 
d 

0,l/j21 
^ 004 

4 

XlO 

xlo" 

8.815 

5,315 

1.288 

(W 1®® 

6.846 

6.212 

10,820 

9,015 

4.195 

1,243 

5.218 

4.735 

7,460 

9,315 

3,128 

1,132 

3.541 

3.213 

4,723 

9,515 

2,478 

1.062 

2,632 

2,388 

3.650 

9,815 

2,023 

1,099 

2.223 

2,018 

2,608 



Rekha fl/jT.O 

,-l/j23 

004 



6,815 

5,153 

1.176 

6,060 

5,499 

11,603 

6,615 

4,559 

1.091 

4,974 

4.513 

8.112 

6.315 

3,713 

0,959 

3,561 

3,231 

5,244 

6.115 

3,735 

0.826 

3,085 

2,799 

4.110 

5,815 

2.981 

0.809 

2.412 

2,188 

2.999 

4* 4 






Ktl/J 2,0,l7j2] *2(C 

^ 004 

+C )/tC CC 
11 55 11 

)+C C 
33 55 33 

^ -2C C 

55 13 55 

2 

"C J 
13 

Value of (I 

B 

n ) 

0 


1(a) 

•4 

*0,8 xlO 

Kb) ^ 

«k41 

0.9 XlO 


Value of the 

Figs. A3 and 

slope (I 

A9 

/I )/ from 

d 0 

-8 

*4,80x10 

—8 

4,67x10 



yalue of C , uncorrected for 2nd 

13 •11 2 

order diffuse ref lection, xlO *1,410 1,491 dynes/cm 


Corrected value of C xlO 

13 


-11 


*1,496 


1,544 dynes/c» 


Average value of C 


13 


11 2 
*1,520x10 dynes/CBi 
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Table A-13(arb) 


Angle of 
incident 
beam with 
cuou 

Diffuse 

intensity 

corrected 

for 

absorption 

•2 

xlO 

Correction 

factor 

SxD/P 

Corrected 
intensity 
(due to 

I order) 

» -2 

I xlO 
d 

I /I 
d 0 

5 

xlO 

■'immmm mmm- 

,.2 : 
> =i/q 

-3 

XlO 



Rexha [0,1 /fl 

IV w IK IP 

#-!// 21 
'' 040 



14,99 

24,671 


1,341 

33,084 

30,022 

2,859 

15,19 

22,068 


1.225 

27,033 

24,531 

2,032 

15,39 

17,482 


1,197 

20,926 

18,989 

1,515 

15,59 

15,877 


1,148 
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II. 2 

Graphs showing the variation of diffuse intensity 

with the square of the wavelength of the thermal 

wave for various directions of propagation and 

Id 2 

various reciprocal lattice points : Plots of — — vs X . 
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